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S U M M A R Y 
Numerous reports are available in literature dealing 
with the toxic effects of individual metals on biological 
system. Only recently, attention has been drawn towards 
the ill effects after concurrent exposure to more than one 
metal. Man is concurrently exposed to more than one metal 
through his work environment like mining, processing of 
metal ores, manufacture of pigments, paints, glass, paper, 
inorganic fertilizers, thermal power generation, etc. Even 
the general population is not spared from the ill effects 
of simultaneous exposures to more than one element through 
polluted environment. The main sources of elemental 
pollution of the biosphere are automobile exhaust, thermal 
power generation and industrial emissions. Lead, mercury, 
arsenic, cadmium, nickel, chromium, manganese are the major 
elements hazardous to human health. The available reports 
on metal-metal interaction indicated that biological effects 
after individual exposure to metal could be influenced by 
interaction with other essential or toxic elements. 
(2) 
For example, selenium administration decreases the toxicity 
of mercury, cadmium and arsenic. Concurrent exposure of 
lead and cadmium has also been shown to produce synergistic 
teratogenic effects in animals. Similarly, simultaneous 
administration of lead and manganese in rats resulted in more 
serious brain dysfunctions. Such studies make it imperative 
to investigate the effects of metal-metal interaction in 
detail so as to understand the mechanism of their interaction. 
By exploring the mechanism of interaction, it may be possible 
to provide better diagnostic parameters and preventive 
measures. 
Lead, manganese and cadmium are potent neurotoxic 
elements besides their toxicity to other body tissues.lt 
has also been shown that neurotoxicity of these elements is 
due to their interference with the metabolism of neuro-
transmitters. Synaptosomes, the pinched off nerve endings, 
retain several function of presynaptic nerve terminals, 
in vivo and thus provide a suitable model to study in vitro, 
metabolism, i.e., synthesis, uptake, release, etc., of 
neurotransmitters. Na"*", K'*'-ATPase is considered to be 
responsible for the maintenance of an inward directed 
(3) 
sodium electrochemical gradient across the membrane. 
Further, the energy available from electrochemical gradient 
is utilized for the uptake of neurotransmitters in 
synaptosomes. In the present dissertation, the effects of 
interaction among lead, manganese and cadmium were studied 
on lipid peroxidation, Na , K"*'-ATPase and monoamine uptake 
in synaptosomes isolated from different rat brain regions, 
i.e., cortex, mid-brain and striatum. 
Furthermore, the dissertation begins with a review of 
literature dealing with the interaction effects between 
several essential and nonessential metals along with the 
proposed possible mechanisms of metal-metal interaction. 
Review of literature is followed by summarizing purpose of 
the present study. The experimental part is divided into 
three chapters each under defined headings of introduction, 
experimental protocol, results anddiscussion. The last 
chapter discusses the results of three chapters together to 
arrive at a significant conclusion. 
Chapter I deals with the interactive effects of metal 
ions on lipid peroxidation in synaptosomes with altered 
(4) 
membrane integrity. To alter the membrane structure, 
synaptosomes were treated with Fe"*"^  + ascorbate which 
sufficiently could induce the nonenzymic lipid peroxi-
dation indicated by malondialdehyde level measurerrent and 
termed as "pretreated" (damaged) synaptosomes. The 
synaptosomes which were not treated with Fe"*"*" served as 
"untreated" (normal) synaptosomes. NOw these twotypes of 
synaptosomes were further incubated with Pb"*"^ , Cd*"^  and 
Mn"*"^  (alone and in combinations) for the estimation of 
lipid peroxidation. The results showed that these metal 
ions did not induce any lipid peroxidation in untreated 
synaptosomeswhile a slight induction in pretreated syna-
ptosomes was observed. However, no interaction effect in 
inducing lipid peroxidation between these metal ions was 
was observed in either of the synaptosomal preparation, i.e., 
untreated and pretreated synaptosomes. These pretreated 
and untreated synaptosomes were further utilized to study 
theeffect of metal-metal interaction on Na'^ ,K''"-ATPase and 
monoamine uptake. 
The effect of pretreatment and that of Pb"*"*", Cd*"^  and 
Mn*+ interaction on Na"^, K'^-ATPase is discussed in Chapter II, 
(5) 
The pretreatment alone decreased the activity of ATPase 
possibly because of loss in hydrophobic environment 
in membrane required to maintain the appropriate confor-
mation of the enzyme molecule. Pb"*"*, Mn"*"^  and Cd"^ "^  
inhibited the enzyme activity in a concentration dependent 
manner. Pb'*"''" and Cd*"*" were the potent inhibitor while Mn"*"* 
was found to be a moderate inhibitor of ATPase. Variance 
analysis of data revealed that these metal ions produced 
more inhibitory effects in pretreated synaptosomes compared 
to that in untreated ones. Combinations of these metal 
ions, particularly Pb"*"*" and Cd"*"*", exhibited the interaction 
effects were more pronounced in pretreated synaptosomal 
preparation compared to the effects in untreated synapto-
somal ATPase. Thus, resulted indicated that interaction 
between metals and alteration of synaptosomal membrane 
structure by lipid peroxidation had synergistic effect in 
inhibiting transport ATPase. 
Chapter III discribes the effect of pretreatment and 
Pb , Cd and Mn interaction on synaptosomal monoamine 
uptake. Pretreatment of synaptosomes increased the amine 
uptake. Further data on effects of metals showed that 
(6) 
Mn*"^  and Cd**, in general, decreased while Pb"*"*" at lower 
concentration increased thesynaptosomal amine utpake. The 
combination of Pb"*"*, Mn"^"*" and Cd''"'' produced interaction 
effects on monoamine uptake. However, the modulating 
effects of these metal ions on monoamine uptake (individually 
and in combinations) were more pronounced in untreated 
synaptosomes as conpared to those in pretreated synaptosomes. 
The last section of the dissertation discusses the 
results of all the three chapters along with a corre-
lation between the effects of metal-metal interaction on 
Na*, K*-ATPase activity and synaptosomal uptake of mono-
amines, in order to study the ionic gradient hypothesis 
which states that uptake of neurotransmitters by presynaptic 
nerve endings is dependent on the energy available from 
the electrochemical gradient maintained across the 
cell membrane by Na"*", K''"-ATPase. The comparison between 
results reported in Chapters II and III indicates that no 
direct correlation exists between the changes in activity 
of Na*, K*-ATPase and that in synaptosomal monoamine uptake 
due to lipid peroxidation and metal-metal interaction. 
(7) 
Thus, on the basis of these studies, following 
conclusions may be drawn : 
1. Alteration in the synaptosomal membrane structure by 
inducing lipid peroxidation resulted in the decreased 
activity of Na*, K^-ATPase and increased synaptosomal 
monoamine uptake. 
2. Pb"^*, Cd*"*" and Mn*"*" combinations did not show any 
interaction in inducing lipid peroxidation in untreated 
or pretreated synaptosomes. 
3. Pb*"^, Cd*"^  and Mn*"^  inhibited Na*, K*-ATPase activity 
in a concentration dependent manner. The combinations 
of these metal ions, particularly Pb"*"*" + Cd"*"*, 
exhibited more interaction effect in pretreated 
synaptosomal ATPase compared to that in untreated ones. 
4. Mn"^ "^  and Cd*"^  inhibited and Pb"^ "^  (at low concentration) 
activated the synaptosomal uptake of monoamines, 
however, the combinations produced more remarkable 
effects in untreated synaptosomes compared to that 
in pretreated preparation of synaptosomes. 
5. The changes in synaptosomal monoamine uptake can not 
(8) 
be directlycorrelated to the changes in Na"*", K^-ATPase 
produced by metal-metal itneraction and lipid 
peroxidation. 
Conclusion in brief may be stated that interaction of 
Pb"*"*, Mn*''" and Cd"*"* produced much pronounced interference 
in the maintenance of an inward directed sodium electrochemical 
gradient across the synaptosomal membranes by inhibiting 
Na"^ , K"*'-ATPase activity in pretreated synaptosomes as com-
pared to untreated preparations indicating that interaction 
of metals and lipid peroxidation have synergistic effect 
in inhibiting the activity of transport ATPase. These 
changes consequently may produce derrangement in the 
physiology of nerve impulse transmission. 
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R E V I E W OF L I T E R A T U R E 
Modern civilisation is dependent on the large scale use of a wide 
variety of metals which are now present in the biosphere and in biological 
material at alarming concentrations. Metals, particularly their oxides are 
used as alloying additives in ferrous and nonferrous metallurgy, are the 
principal raw material in the electrode industry, for the manufacture of 
pigments, paints, as catalysts for chemical processes, as semiconducting 
materials, in the manufacture of high wear resistance of sintered articles, 
heat resistance, hardness and corrosion resistance. Metals have also been 
utilised as pesticides, fertilisers, wood preservatives and as antiknock 
agents in various fuel additives. 
The metal based industries are the major sources of atmospheric 
pollution due to these chemicals. Besides, power generation, transport, 
refuse burning, dumping of waste material such as tin cans, objects 
plated with chromium, nickel and cadmium, objects made from copper, 
lead, nickel, brass, discarded car batteries, sewage sludge, etc., are 
also responsible for environmental pollution due to heavy metals. 
The two metals used on the largest scale are iron and aluminium 
and the ecological consequences of their dispersion are usually not 
serious. Some metals like mercury, cadmium, lead,chromium, nickel, 
manganese, etc., are being increasingly discharged into the biosphere 
thus creating a great concern in many industrialised countries 
regarding their ill effects on human health. 
At present time, human beings are being exposed to high levels 
of lead through food and drinking water and through the air they 
breathe. There is now voluminous literature dealing with the effects 
of metals on human health, however, attention has only recently been 
drawn towards the health hazards due to exposure to more than one 
metal. 
Simultaneous exposure to, and absorption of arsenic, cadmium 
and lead can occur in primary lead smelters. In copper smelters using 
the retort process would cause exposures chiefly to zinc oxide fumes 
with lower concentration of cadmium and lead. Workers in lead 
refineries may be simultaneously exposed to lead, silver and zinc, to 
lead and antimony and to lead and tellurium (Landrigan et^  ah, 1975; 
Creason etah, 1975; Porn et al., 1976). Welding, brazing, silver soldring 
and flame cutting of non-ferrous alloys produce simultaneous exposures 
to lead, cadmium, copper, tin and zinc. Thus man is simultaneously 
exposed to a spectrum of toxic metals. It is, therefore, essential to 
investigate the biological effects of metal-metal interaction in animals 
co€9«-posed to two or more metals and to understand the mechanism of 
such interactions. 
The interaction between two metals, which can be synergistic or 
antagonistic, implies that the behaviour of one is changed by the 
presence of other. Synergism is defined as the effect or response of 
the combined exposure is greater than the additive. An example of 
synergism is - the greatly enhanced teratogenic effects seen in animals 
from the combined exposure of cadmium and lead as compared to the 
effects observed after the administration of either of these metals alone 
(Der e^aL, 1976). Antagonism occurs when one metal reduces the effect 
of another. The best example is the interaction between selenium and 
various forms of mercury (Perizek, 1978). 
There are some recent reports on the biological effects of metal-
metal interaction showing the synergistic or antagonistic effects. A 
brief review of metal-metal interaction particularly with essential 
elements is being presented. 
Zielhius et^al. (1978) observed increased manganese levels with 
increasing concentration of lead in the blood of young children and 
occupational!y exposed male workers. Similar results have been observed 
by Delves et^  al. (1973) suggesting a relationship between lead and 
manganese metabolism. Lead and manga-nese co-exposure to rats led 
to more accumulation of lead in the brain as compared to the levels 
observed in the rats exposed to lead alone. Similarly the changes in 
the contents of dopamine, norepinephrine and 5-hydroxytryptamine were 
significantly greater than observed in rats after exposure to either of 
the metals alone (Chandra et^al., 1981). Malhotra (1982) proposed 
that these two metals bound to two different proteins indicating no 
competition for the protein binding site due to interaction between 
these two metal ions. However, lead binding to proteins increased in 
brain due to lead and manganese interaction leading to increased level 
of lead in brain consequently increased neurotoxic effects. 
In rats fed a diet low in zinc and containing 200 ppm lead, 
Cerkewski and Forbes (1976) found markedly increased levels of lead 
in tibia, increased excretion of 6-amino levulenic acid. These changes 
were reduced when zinc content of the diet was increased up to non-
toxic level, 200 ppm, suggesting the-protective role of zinc on these 
toxic effects of cadmium. Similar protection of zinc on toxic effects 
of cadmium in chick egg yolk sac has been reported by Srivastava and 
Tandon (i98'>). Administration of zinc with lead into chick egg yolksac 
reduced the accumulation of lead and lead induced alterations in the 
activity of acid phosphatase, 3-glucuronidase and ribonuclease in the 
brain of embryo. 
Finelli et^aK (1975) proposed a mechanism of lead and zinc 
interaction on 6-amino levulenic acid dehydratase (ALA-D), a zinc 
dependent enzyme. ALA-D activity is completely inhibited by lead 
in blood of the rats fed on low zinc diet, but the activity of the 
enzyme rapidly returned towards normal values when zinc content 
of the diet was increased. They observed that lead and zinc compete 
for the common active binding site on the enzyme and relatively high 
concentration of Zn is required to reactivate ALA-D inhibited by much 
lower concentration of Pb * suggesting greater affinity of enzyme for 
lead than zinc. 
Information on lead interaction with cadmium is limited. 
Observations in rats fed 200 ppm lead, 50 ppm cadmium and arsenic 
(inorganic and organic) in various combinations have revealed a number 
of possible interactions (Fowler and Mahaffey, 1977, 1978). For 
example^excretion of ALA was increased in animals fed lead and 
arsenic compared to lead alone, while excretion was less in animals 
given cadmium with lead. Other evidence of a decrease in lead effect 
in animals simultaneously given cadmium were a decrease in intra-
nuclear inclusions in renal tubular cells and a decrease in serum uric 
acid. Perry 3r. et^  aL (1983) showed that selenium corrected the 
hypertension in the cadmium-fed rats but had little effect in the 
cadmium + lead exposed rats. A study of renal clearance of low and 
high molecular weight proteins in workers exposed to cadmium and 
lead simultaneously did not suggest an additive or synergistic effect 
of these metals on proteinuria (Roels et^  aK, 1978). However, lead and 
cadmium has synergistic effect on testicular damage and prostatic 
cytology (Der et^aU, 1976). There was an increase in stone formation 
in kidney and urinary bladder in the lead and cadmium exposed male 
rats (Fahim and Khare, 1980). A high level of lead and cadmium 
produced a decrease in serum copper and ceruloplasmin in the rats as 
compared to in the rats exposed to either of the metals alone (Murthy 
et^aU, 1975). Mahaffey and Fowler (1977) reported a decrease in lead 
absorption and retention in rats fed simultaneously with cadmium and 
suggested two possible mechanisms. One was that Vitamin-D supplement 
in diet to Vitamin-D deficient rat increased the gastrointestinal 
absorption of lead and cadmium, on the other hand, depressed the 
formation of 1,25-dihydroxy-cholecalciferol from 25-hydroxychole-
calciferol (Feldman and Cousin, 1973). Another mechanism which may 
reduce lead absorption at high levels of dietary cadmium was damage 
to the absorptive surface of gastro-intestinal tract. 
The effect of lead on iron metabolism has been extensively 
studied. Some children with increased blood lead levels have been 
shown to be iron deficient (Smith, 1976), while iron deficient rats 
showed an increased absorption of dietary lead. The combination of 
low iron intake and lead exposure acted synergestically to impair 
heme synthesis. Mahaffey (197'») proposed a possible mechanism by which 
iron deficiency may increase lead uptake and toxicity. Increased lead 
absorption from the gastrointestinal tract is a reasonable explanation 
for the increase in body burden of lead in iron deficient rats. Waxman 
and Rabino Witz (1966), using reticulocyte, reported that lead inhibited 
hemoglobin synthesis and suggested lead as a general heavy metal 
inhibitor of cell metabolism. Ferrous ion (Fe *) protected both these 
functions against the action of lead. Lowering of tissue iron by iron-
deficient diet could increase the inhibitory effects of lead on heme 
synthesis. Lead also interferes, along with the heme synthesis with the 
utilization of iron. Lilis et^  ah (1978) proposed that lead inhibited the 
ferrochelatase enzyme system, thereby impending the insertion of iron 
into the heme molecule. 
Investigations from various workers showed that low calcium diet 
resulted in an increased susceptibility to lead toxicity including its 
increased blood concentration to approximately four fold (Mahaffey, 
197* )^. The concentrations of lead in soft tissues such as kidney and 
bone were much higher on low calcium diets (Mahaffey et^  ah, 1970). 
8 
The influence of calcium was also demonstrated for biological 
effects of lead exposure. The urinary excretion of ALA, when lead 
was given, was much higher in the animals on a low calcium diet than 
on a normal calcium diet. Several studies showed that decreasing the 
calcium concentration of the diet increased susceptibility to lead toxicity 
in the dog, horse and pig (Calvery et^  aly 1938). 
The metabolism of calcium and lead are similar in certain 
respects and have a number of potential sites for interaction namely 
at the gastrointestinal absoprtion, kidney, bone, parathyroid gland. 
Furthermore, Vitamin-D also plays an important role in lead toxicity 
with respect to calcium. Lead and calcium compete for active or 
passive gastrointestinal absorption resulting in an overall increase in 
lead absorption. Lead is known to damage the proximal tubules. 
Calcium excretion increased by kidney due to impaired calcium reabsor-
ption by damaged renal tubules (Mahaffey, 1974). The role of Vitamin-D 
in calcium-lead interaction is also considered a regulatory factor. 
Metabolites of Vitamin-D act on gastrointestinal tract, kidney and bone 
in regulating calcium metabolism. Similar effects might occur for lead 
(Mahaffey, 1974). Sobel et^  ah (1940) indicated that Vitamin-D treated 
rats had higher tissue lead concentrations than Vitamin-D deficient. 
Lead could affect renal conversion of 25-hydroxy cholecalciferol to 
1,25-clihydroxy cholecalciferol. Klauder et^al. (1973) showed that lead 
interfered with copper metabolism. Toxic effects of lead were accen-
tuated and lead absorption was increased in dietary copper deficiency 
(Klauder and Petering, 1975, 1977). 
It is well established that the toxicity of cadmium can not be 
considered without due regard being given to the dietary intake of 
several elements. In an attempt to explain the observations in animals, 
Hill and Malrone (1970) proposed that those elements whose physical 
and chemical properties are similar will act antagonistically to each 
other. In experimental animals selenium plays a protective role against 
several toxic effects of cadmium. Selenium has been shown to reduce 
the mortality (Tobias et al., 19^*6), testicular damage (Fowler, 1977; 
Kar et^  ah, 1960; Perizek et^  ah, 1968) caused by acute effects of 
cadmium. After the combined injection of cadmium and selenium com-
pounds in rats, both metals have been shown to be bound to plasma 
proteins with an atomic ratio of approximately 1 : 1 (Gasiewicz and 
Smith, 1976) to form a Cd-Se-protein complex. The formation of Cd-Se-
protein complex may provide a protection against cadmium. The gradual 
break down of these complexes may provide an opportunity for the 
synthesis of metallothionein which would protect against acute effects 
(Piscator, 196^ *; Nordberg, 1972). 
10 
The metabolic antagonisms between cadmium and zinc might be 
expected from the chemical similarities of the two metals. A several 
fold dietary zinc prevented histological changes in testicles (Gunn 
et ah, 1963); changes in glucose metabolism (Merali and singhal, 1976) 
induced by long term exposure to relatively low levels of cadmium. 
Cadmium exposure generally increased the zinc concentration in liver, 
kidney, spleen, heart and adrenal glands (Wesenberg et^ah, 1981) while 
decreased in bone, muscle and testis. Dietary cadmium increased the 
absorption, retention and excretion of orally administered Zn-65 (Oh 
and Whanger, 1981). Indeed the production of zinc protein (zinc 
thionein) is involved in the normal metabolism of zinc. The binding of 
cadmium nay sn\Ay be a consequence of the chemical similarities 
between cadmium and zinc. Incorporation of cadmium into metallo-
thionein (Nordberg e^aL, 1971; 3akubow, 1970) is preceded by binding 
of the cadmium to a high molecular weight protein in the cytosol and 
in consequence Cd ions accumulate and immobilized more rapidly 
than in the livers of normal rats (Brem ner and Davies, 1975). This 
accumulation of Cd does not occur by replacement of Zn in the 
presynthesized binding protein by cadmium but the synthesis of this 
cadmium thionein is stimulated readily without lag by subsequent 
injection of Cd . Unlike the cadmium thionein which can p>ersist 
11 
in the liver for several months (Webb, 1972), zinc thionein is readily 
mobilized. 
The effects of cadmium on bone tissues have been reviewed by 
the Task Group on Metal Toxicity (1976). Cadmium alteration of 
calcium and phosphate metabolism was suggested to be secondary to 
the effects of cadmium on renal tubules. Washko and Cousins (1976) 
109 have reported a greatly enhanced gastrointestinal absorption of Cd 
in rats given a low calcium diet prior to dosing. Conversely, Kellow 
109 
et^aL (1979) have reported decreased absorption of Cd in rats 
following pretreatment with increasing dietary calcium level. Kobavashi 
(1974) reported development of negative calcium balance in rats during 
chronic oral cadmium exposure. This decrease in calcium absorption 
may occur by a combination of direct cadmium damage to mucosa 
(Sugawara and Sugawara, 197^ *) and/or interference of cadmium with 
the production of 1,25-hydroxy cholecalciferol in the renal tubules, both 
in vivo and in vitro confirmed by Suda et^  al. (1974). Oral cadmium 
exposure has also been found to accentuate the osteojxjrosis seen in 
rats on a deficient diet (Piscator and Larsson, 1972). Studies on swine 
by Henning and Anke(1964) suggested that cadmium inhibits calcium 
incorporation into bone even when dietary calcium is adequate. 
12 
The dietary copper, iron and to some extent also manganese are 
so related that balance of these nutrients is important in determining 
the metabolic effects of each other. It has been shown in experimental 
animals that high dietary cadmium concentration (75-100 mg/kg) can 
have adverse effects on growth, mortality, blood hemoglobin and 
reproduction. Many of these effects were prevented by increasing the 
dietary copper intake, indicating that cadmium is a metabolic antagonist 
of copper (Bremner and Campbell, 1978). Petering (197'f) had confirmed 
the direct copper-cadmium interaction. It is probable that the effects 
of cadmium on copper metabolism occurs at least in part, from inhibi-
tion of copper absorption (Van Campen, 1966). Da vies and Campbell 
(1977) also found that copper absorption by rats were reduced at molar 
dietary cadmium : calcium ratio as low as 4 : 1. Furthermore, they 
established that this reduction was associated with increased mucosal 
binding of Cu-6<f, partly as a low molecular weight copper protein, 
the binding of copper in this form being inversely proportional to the 
cadmium intake. They speculated that cadmium interfered with copper 
absorption by blocking its exit from mucosal cells. 
The gastrointestinal absorption of cadmium was found to be 
increased in iron deficient mice (Hamilton and Val berg, 197'*; 
Velberg et^ah, 1976). Fox et^  ah (1971) found that 15 ppm dietary 
13 
cadmium markedly decreased the bioavailability of Fe as shown by 
reduced tissue levels of iron, appearance of anemia, and impaired body 
growth of Japanese quail. This effect was less when Fe was given. 
It appears from experiments conducted by Fox et^  ah (1971) and Fox 
and Fry (1970) that cadmium interfered with the intestinal absorption 
of Fe * in Japanese quail. Jacob etaL (1974) in their experiment found 
that duodenal concentration of iron in Japanese quail dropped rapidly 
as the concentration of cadmium increased when 100 ppm cadmium was 
present in the food. Cadmium also interfered with the incorporation 
of iron into hemoglobin, since in cadmium-exposed anemic rabbits iron 
deposits in bone marrow were higher than in controls (Berlin et^  al., 
1961). 
Manganese had no effect upon the amount of cadmium present 
in the liver and kidneys. Schroeder and Nason (197^ )^ reported that 
cadmium appeared to increase hepatic and renal concentration of man-
ganese. Administration of manganese to iron deficient animals leads 
to marked damage to the brain and some other organs which may be 
due to significant absorption and accumulation of manganese in iron 
deficient animals (Shukla and Chandra, 1976). 
The toxic effects of manganese in combination with copper 
has been investigated on the brain of mice. Combined exposure to 
14 
the two metals produced marked accumulation of copper in the brain. 
Further, it was of great concern that the combined exposure of man-
ganese and copp>er even in permissible limits, may produce serious 
brain dysfunction (Chandra et al., 1980). 
POSSIBLE MECHANISM OF METAL-METAL INTERACTIONS 
Although several reports indicate significant biological effects 
of metal-metal interactions, the current understanding of the mechanisms 
of metal-metal interactions is fragmentary and in many cases the 
suggested schemes are not more than plausible hypothetical mechanisms. 
Certain possible mechanisms of these interactions, whether synergistic 
or antagonistic include : (a) chemical reaction; (b) competition of 
carriers; (c) induction of binding proteins; and (d) metabolic changes. 
The simplest form of interaction mechanism is a chemical 
reaction between two metals either direct or after a chemical 
transformation. This chemical transformation may be a changes in 
the oxidation state of the metal or the cleavage, in case of organo-
metallic compounds, into organic radicals or ionic species. These 
cationic and anionic species may form complexes, u\ vivo. Such 
chemical complex formation may play a protective role by reducing 
the bioavailability of the elements involved. The formation of such 
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compounds could, in part, explain the protective effect of selenium 
against mercury(Perizek, 1978). The concurrent exposure of rats to 
mercury (II) chloride and sodium selenate (Na-SeO^) in drinking water 
produced black intranuclear inclusion bodies in the renal proximal 
tubular cells containing mercury and selenium in a molar ratio 1 : 1 
(Hg : Se) (Groth et^  ah, 1976) possibly because of reduction of selenate 
(Se^ ) to selenite (Se' ) (Gasiewiez and Smith, 1976). 
Ganther et^aL (1973) explained interaction of selenium and 
mercury on the basis of high intakes of selenium. In this case, the 
protective action of selenium against methyl mercury could be due 
to the formation of selenotrisulfides (-S-Se-S-) by itneraction of 
selenite and thiol groups of proteins. These selenotrisulfides have 
strong affinity for metals and could bind mercury and hence reduce 
its bioavailability. 
Competition for carrier proteins can contribute to the 
O O O O 
interaction involving transport of metal ions, Cd ^, Hg ^, Pb ^, Zn 
and selenium can react with thiol groups with different affinities. 
Interaction of Cu and Zn ions could be explained by competition 
for the binding sites on a protein carrier as albumin in blood plasma 
as reviewed by Evans and Hahu (197'f). 
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Metallothionein is another possible site of metal interaction. 
Zinc can be interchanged with cadmium in thionein in the liver both 
in vitro (Kagi et al.> I960; Kagi and Vallee, 1961) and in vivo (Webb, 
1972) and cadmium with mercury in the kidneys (Piotrowski et^al., 19.7'f; 
Nordberg et^aU, 197'f). Copper and zinc also compete for common 
binding sites for metallothionein in ruminant liver and virtually no 
copper thionein is present in the livers of zinc deficient animals 
(Bremner and Marshall, I97k). Interaction may occur not only by the 
competition for common binding site, but also by a change in the 
affinity of one site for a given ion in consequence of the binding of 
another at a different site. 
Metal-metal interaction may also involve induction of metal 
binding protein synthesis. Metallothionein is a lower molecular weight 
protein which is able to incorporate or bind a number of metals : Cd , 
Cu^" ,^ Zn^"", Sn^ "^  (Sabbionl and Marafante, 1975), Co^"^ and Bi^ "^  
(Piotrowski etal., 1976). The most potent inducers of thionein synthesis 
are Zn^*, Cd^* and Hg^ "^  (Webb, 1972a, b; Piotrowski e^al . , 197^). 
2+replaces Zn2+ and Hg2+ replaces Cd 
Cd _/in the corresponding metallothionein of the liver (Webb, 1972a, b), 
and kidneys in vivo (Piotrowski et al., 1974; Webb and Magos, 1976). 
Hence interaction between metals that involve thionein can operate 
through the induction of the protein and through competition for 
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binding on an induced metallothionein. Continuous cadmium ingestion 
leads to a considerable increase in the hepatic content of copper bound 
to thionein (Stonar and Webb, 1976). 
Induction necessitates a time interval following exposure to a 
metal, after which further exposure to the same or other metal may 
result in a reduced toxic effects. Nordberg (1971, 1972) has shown it 
for acute effects of cadmium on the testicles of mice. Pretreatment 
with a low dose of cadmium in female rats gave maximum protection 
against acute lethal effects of high dose of cadmium 1 to 3 days later 
(Webb and Verschoyle, 1976). The protective effect of cadmium after 
pretreatment with other metals such as zinc has also been ascribed to 
the more rapid accumulation of the hepatic and renal cadmium as 
metallothionein (Webb, 1972). Interaction can produce protection even 
though the thionein bound fraction of heavy metal is decreased. In the 
liver, kidneys and testis, selenium diverts nearly all Hg or Cd in 
the soluble fractions from smaller molecular weight proteins, probably 
thionein (Chen et ah, 1975). 
Exposure to a certain trace element could modify the effects 
of the same or other element without direct interaction at the 
molecular level. Such modification could result from metabolic 
changes induced by a previous exposure and affecting the transport 
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and metabolism of certain toxic elements. Cd and Hg are able 
to decrease the formation of dimethyl selenite (Ganther and Banman, 
1962; Perizek, 1976) because dimethylselenite formation has an 
absolute requirement for GSH (Ganther and Cercovan, 1969). The 
reaction of selenite with reduced glutathione (GSH) leads to the 
formation of selenotrisulfide (Ganther, 1968). Either this compound or 
another metabolite of selenite becomes bound to plasma proteins mainly 
3-lipoprotein and glubulins (Saudholm, 197'f) and by an unknown mechanism 
promotes the binding of Hg ^ and Cd '*' to plasma proteins (Burk et al., 
197'f; Gasierwiez and Smith, 1976). It is not known how the metabolism 
of selenite apart from dimethyl selenite formation is influenced by Hg 
or Cd and what is the essential step in the protective effects between 
selenium and the two heavy metals, but selenium increases the cleavage 
of C-Hg bond of phenyl-mercury (Fang, 1974). 
It is, therefore, indicated that man is simultaneously exposed to 
a number of essential and nonessential metals and also that metal-
metal interaction do occur in the biological system. Inspite of the 
proposed possible mechanism of metal-metal interaction the exact 
mechanism of interaction has not been worked out so far. Therefore, 
it is of a great significance to study the biological effects of 
interaction of metals which are of importance as environmental 
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pollutants and to which man is exposed concurrently. Furthermore, 
understanding of the mechanism of interaction will be of help 
in solving the problems of early diagnosis and treatment. 
P U R P O S E OF THE S T U D Y 
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Modern activities like metalliferous mining, smelting,manufacture 
of paper, glass, use of inorganic fertilisers, thermal power generation and 
disposal of sewage sludge is responsible for releasing a number of metals 
in the environment. Therefore, the general population is simultaneously 
exposed to a complex mixture of essential as well as nonessential elements 
through food, water and air. Workers engaged in various industries are 
also liable to be exposed to more than one metal. It was observed that 
the population residing near lead refineries are simultaneously exposed to 
lead and other metals like zinc, copper, cadmium, silver and arsenic 
(Landrigan et^ah, 1975; Creason e^ aL, 1975; Dorn et^aL, 1978). Traffic 
exhaust and pica in children are the major source of simultaneous expo-
sure to lead and manganese (Delves et^al., 1973; Joselow et^  aK, 1978). 
The toxicity of metals like arsenic, cadmium, lead and mercury could be 
influenced by their interaction with certain essential metals (Nordberg 
et aL, 1978). Dietary selenium and zinc have been reported to antagonise 
the toxic effects produced by lead, cadmium or mercury (Cerkewski and 
Forbes, 1976; Srivastava and Tandon, 1984; Perizek et al., 1968; Perizek, 
1978) while certain metals like lead + manganese and lead + cadmium 
had synergistic effects (Chandra et^  al^ 1981; Dev et^  ah, 1976) Besides 
these several other studies conducted on the effects of metal-metal 
interactions and their biological significance makes it imperative to 
investigate the mechanism of metal-metal interaction. 
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Lead, manganese and cadmium along with their effects on various 
organs, are also known to produce neurological dysfunctions by interfering 
with the neurotransmitters and the enzymes involved in their synthesis 
and degradation (Mustafa and Chandra, 1971; Silbergeld and Goldberg, 1975; 
Hrdina et aL, 1976; Shih and Hanin, 1978; Merali and Singhal, 1981). 
Synaptosomes, the presynaptic nerve endings, isolated from brain tissue 
have been used as a suitable model to study the jn vitro effects of xeno-
biotics on the metabolism including synthesis, uptake, release of neuro-
transmitters (Lai et^ah, 1980; Si^lbergeld, 1977; Ramsay et^aK, 1980; 
Komulainen and Tuomisto, 1981). The uptake of neurotransmitters by the 
presynaptic terminals, i.e., synaptosomes is dpendent on the energy 
available from the electrochemical gradient which is maintained across 
the cell memrbane by N»,K -ATPase a transmembrane enzyme involved 
in active transport of Na and K (Bogdanski, 1968). Considerable 
evidence is available to show that changes in the activity of Na^, K^-
ATPase may cause disturbances in neurotransmitters uptake by synaptosomes 
resulting in the altered conduction and synaptic transmission within the 
nervous system (Prakash et^  aL, 1973). 
It has been reported that permeability of membranes depends on the 
degree of unsaturation of the membrane lipids (Finkelstein and Case, 1968; 
Moore et^  ah, 1969) and synaptosomes havea high requirement of 
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polyunsaturated fatty acids in order to maintain a liquid crystalline 
state which facilitates translocation of small molecules across the 
membrane (Van Deenan, 196* )^. Several agents like alcohol (Luzio and 
Hartman, 1967), carbon tetrachloride (Gallagher, 1962), metals (Sato 
et^ah, 1983; Shafiqur Rehman, 1983) and ionizing irradiation (Morgan 
and Philpot, 1962) have been reported to produce oxidative damage in 
the membrane leading to the change in membrane integrity. Any altera-
tion in the synaptosomal membrane integrity may ultimately lead to 
serious dysfunctions in the neurotransmission of nerve impulse. In the 
present study, the synaptosomes were treated with Fe , a well known 
proxidant (Ottolenghi, 1959), to induce membrane damage consequently 
change in membrane integrity. This preparation was used (1) to 
investigate the effects of interaction between lead, manganese and 
cadmium on catecholamine uptake and Na , K -ATPase activity under 
altered synaptosomal membrane structure and (2) to know the relationship 
between the changes in Na^,K -ATPase activity and that in the 
catecholamine uptake. Studies were conducted in different brain regions, 
i.e., mid-brain, cerebral cortex and corpus striatum because of extensive 
structural and chemical heterogeniety in brain tissue. 
M A T E R I A L S A N D M E T H O D S 
23 
ANIMALS 
Adult male albino rats (weighing 200-220 g) obtained from 
Industrial Toxicology Research Centre breeding colony were used in the 
study. The animals were housed in stainless steel cages in an air 
conditioned room (22 ± 2°C) where regular 12 hrs light and dark cycle 
(lights on 06.00 - 18.00 hr) was maintained. Animals were supplied with 
pellet diet obtained from Hind Lever Laboratory Animal Feed, India and 
tap water ad libitum. 
CHEMICALS 
3 
Dehydroxyphenylethylethylamine, 3, 4-[- H(N)], 25.7 ci/m mol; 
3 
Norepinephrine Levo-[7- H(N)], 2'f.2 Ci/m mol were purchased from 
New England Nuclear, U.S.A. Disodium ATP, Imidazole and p-nitro-
phenol were procured from Sigma Chemical Company, U.S.A. 2,5-
Diphenyl oxazole and 1,'f-bis (5-phenylo oxazole) benzene of scientilla-
tion grade were obtained from Sisco Research Laboratory, India. The 
acetate salts of cadmium and lead, chloride salt of manganese and other 
salts which were used in Kreb's henseleit saline and in other assay systems 
were of AnalR grade, British Drug House, India. 
INSTRUMENTS 
All colorimetric measurements were carried out using Spekol 
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spectrocolorimeter, Carl Zeis,3ena, DDR. LKB Liquid Scientillation 
3 
Counter was used for measuring the radioactivity of H- in dopamine 
and norepinephrine uptake samples. The Millipore 1225 Sampling 
manifold was used to filter the radioactive samples of catecholamine 
uptake using Whatman glass fibre filters (GF/C). 
HOM€X;ENIZATION AND SUBCELLULAR FRACTION ATION 
The rats were sacrificed by decapitation. Brain tissues were 
quickly dissected out, blotted and kept on ice. Homogenates were 
prepared in 0.32 M ice-cold sucrose solution using Potter Elvehjam 
type A homogenizer fitted with teflon pestle. The subcellular fractiona-
tion was done by the method of Whittakar (1969). The homogenates 
were centrifuged at 760 xg for 10 min to remove cell debris and nuclear 
fraction. The supernatant was then respinned at 17,800 xg for 30 min 
and the resultant pellets, synaptosomal fraction, were collected and 
suspended in appropriate medium. Centrifugation process was carried 
out in a refrigerated K2't REMI centrifuge at i^°C. 
LIPID PEROXIDATION 
Synaptosomes were diluted in ice-cold KCl, 0.15 M to a protein 
concentration of approximately 0.2 mg/ml and were incubated with 
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Fe , 120 ym and ascorbic acid, 200 pni for two minute with constant 
shaking in a metabolic water bath at VC. 1.0 ml reaction mixture 
was drawn in a test tube already containing 1.0 ml of 10% trichloro 
acetic acid (TCA) (w/v) and lipid peroxides formed determined by 
measuring the malondialdehyde (MDA) according to the method of 
Wilber e^al . (1967). The sample was centrifuged at 670 xg for 5 min. 
1.0 ml supernatant was added to 1.0 ml of 0.67% (w/v) thiobarbituric 
acid solution and kept the test tube in a boiling water bath for 10 min. 
The resultant pinkish colour was read after cooling at 535 nm using 
spekoi spectrocolorimeter. The amount of MDA formed was calculated 
5 2 -2 
oo the basis of its extinction coefficient 1.56 x 10 cm mole and 
expressed as the n mole MDA formed/mg protein/2 min. Rest of the 
reaction mixture was quickly centrifuged Cf'C) at 17,800 xg for 30 min. 
Synaptosomes were collected and washed once with cold Kreb's Henseleit 
buffer or 0.32 M sucrose as per requirement. The pellets were finally 
suspended in the same solution. Kreb's Henseleit buffer was used for 
monoamine uptake studies and sucrose for enzyme assays. 
MONOAMINE UPTAKE 
Monoamine uptake studies were carried out by the method of 
Pastuszko et^aL (1983) with slight modifications. The reaction mixture 
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in a final volume of 1.0 ml contained : 
a) Kreb's Henseleit buffer {\H0 mM NaCl, 5 mMKCl, 5 mM 
NaHCO^, 1.3 mM MgSO^, 2.5 mM CaCl2, 10 mM Tris 
HCl, pH 7.3). 
b) Synaptosomal protein, approximately 100 pg* 
c) Tritium labelled Dopamine or Norepinephrine, 10" M. 
d) Pb"^ "^ , Mn"^ ^ and/or Cd*"^  (Concentration stated in 
experimental protocol of each Chapter). 
Preincubation of synaptosomes (both control and pretreated 
with Fe and ascorbic acid) with metal was carried for 5 min at 37°C. 
3 
Incubation was further extended for 5 min after addition of H-DA 
or H-NE for uptake measurement. Reaction was terminated with 
rapid filteration through Whatman glass fibre filters (GF/C) using 
Manifold Sampler. Synaptosomal pellets thus retained were extracted 
in a scintillation fluid and radioactivity was counted in a LKB 
scientillation counter. The reaction mixture of same composition was 
incubated O-'t'C and considered as nonspecific uptake. This nonspecific 
uptake was substracted from total uptake (uptake at 37°C) to give the 
actual uptake of monoamines. 
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SODIUM, POTASSIUM DEPENDENT ADENOSINETRIPHOSPHATASE 
ASSAY (Na *,K*-ATPase; E.G. 3.6.1.3) 
Activity of the enzyme was determined by end point phosphate 
analysis (Philips and Hayes, 1977). Incubation mixture in a final volume 
of 1.0 ml contained : 
Imidazole buffer, pH 7.k 
NaCl • 
KCl 
MgSO^ 
ATP 
Synaptosomal protein 
Metal/s 
135 mM 
100 mM 
20 mM 
3.5 mM 
3.5 mM 
50 wg (approximately) 
(Concentration stated in experi-
mental protocol of each Chapter) 
The enzyme was preincubated with metal/s for 5 min at 37°C and then 
reaction was initiated by the addition of ATP. After 15 min of 
incubation the reaction was terminated by adding 1.0 ml cold 10% TCA. 
The tubes were centrifuged at 760 xg for 5 min and the supernatant 
was assayed for inorganic phosphorous (Pi) by the method of Fiske and 
Subbarow (1925). The extinction was read at 660 nm. Optical 
Densities were compared on a standard plot of Pi. The activity of Na"*", 
K^-ATPase was taken as the difference of total Na'^,K*, Mg'^'^-ATPase 
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activity and the Mg'^'^-ATPase activity measured in the presence of 
ouabain (1.0 mM final, a specific inhbitor of Na , K -ATPase) and 
expressed as the y mole Pi liberated/mg protein/hr. 
K*-p-NITROPHENYL PHOSPHATASE ASSAY (NPPase; E.C.3.6.1.3) 
K*-p-nitrophenyl phosphatase activity was measured according 
to the method of Ahmad and 3udah (ISS'f). Reaction rnixture in a 
final volume of 1.0 ml contained : 
Tris HCl 100 mM, pH 7.4 
MgCl2 5 mM 
KCl 20 mM 
p-nitrophenyl phosphate ( NPP) 5 mM 
Enzyme preparation 30 yg protein 
After all additions except NPP (substrate) were made, the 
reaction tubes were preincubated at 37° for 5 min. Reaction was 
initiated by the addition of NPP and after 15 min of incubation, 
termination of reaction was carried out by the addition of cold 0.1 ml 
50%(w/v) trichloroacetic acid solution. The tubes were centrifuged 
and to the supernatant 1.9 ml of 1.0 N NaOH was added to develop 
the color. The extinction of p-nitrophenol (PNP)liberated was read 
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at tt05 nm using ^ekol spectrocolorimeter. Absorbance was compared 
to on standard plot of PNP. NPPase activity was expressed as p mole 
PNP liberated/mg protein/hr in the presence of Mg and K minus 
activity in the presence of Mg only. 
PROTEIN ESTIMATION 
Protein in the samples was estimated by Folin-Ciocalteau reagent 
according to the method of Lowry et^al. (1951) using bovine serum albumin 
as a standard. 
ANALYSIS OF DATA 
The data were subjected, unless otherwise stated, to two way 
analysis of variance after ascertaining the homogeniety of variance 
by Bertletts test. On evidence of significant F-ratios, various comparisons 
were made through the method of linear contrast (Armitage, 1971). 
CHAPTER - I 
I N T E R A C T I V E E F F E C T S OF 
M E T A L I O N S ON 
S Y N A P T O S O M A L M E M B R A N E 
I N T E G R I T Y ( L I P I D P E R O X I D A T I O N ) 
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INTRODUCTION 
Biological structures, particularly biomembranes, contain a wide 
variety of unsaturated lipids which, in presence of a free radical 
initiator and oxygen, can undergo oxidative deterioration. This process 
has been termed as lipid peroxidation. 
Biomembranes are highly ordered biological structures consisting of 
phospholipids bilayer with globular protein molecules penetrating into 
either side or extending entirely through the membrane (Singer and 
Nicolson, 1972). The lipid component invariably contains unsaturated 
fatty add residues. Membranes are bathed in the environment that 
contain oxygen and trace metals. Membranes are, therefore, most 
susceptible to the peroxidation attack that involves free radical reactions 
(Demopoulous, 1973). The biological importance of membranes can be 
easily understood by the statement that membranes separate highly 
ordered functional activities of metabolism in a cell from the relatively 
disordered external environment. Furthermore, membranes of subcellular 
structures are* responsible for the compartmentalization of various 
metabolic activities inside the cell. The different membrane systems 
in cell may make as much as 80% of the total dry cell mass. 
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As reported by numerous investigators biological membranes, 
rich in unsaturated fatty acids, are susceptible to peroxidation which 
requires free radicals for reactions. A number of toxic metals may 
induce tissue injury by producing extraneous free radicals jii vivo 
resulting in the induction of lipid peroxidation in biomembranes which 
can cause extensive disturbances to the orderly structure of biological 
membranes. Lipid peroxidation is followed by the loss of specialized 
functions of the membranes, damage and alteration in the permeability 
of membranes (Finkelstein, 1968; Moore et al., 1969). The normal 
precised arrangement of proteins, enzymes and receptors of the membrane 
membrane would be badly disrupted and their biological activities 
would be lost or impaired. Sulfhydryl enzymes are much susceptible to 
lipid peroxidation. The integrity of any cell biomembrane depends on a 
certain proportions of sulfhydryl groups as well as on the functional 
status of polyunsaturated fatty acids, mainly phospholipids moiety 
(Finkelstein and Case, 1968; Moore et al., 1969). 
A considerable number of tissue lesions are known to involve 
free-radical mechanism at the early stages of the injury. The initiation 
of lipid peroxidation may be accomplished by a high energy state of 
oxygen,hydroxyl radical and a number of other radicals produced in the 
biological tissue by xenobiotics. Firstly, the "initiation" process is 
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required to generate lipid radicals, followed by a series of "propagation" 
reactions in which a number of free radicals are conserved as the 
peroxidation reaction proceeds. Finally, a series of reactions destroy 
free radicals which is termed as "termination" reaction. (Fig. i ). 
It is believed that during lipid peroxidation a number of free 
radicals are generated in the presence of oxygen and in absence of high 
concentration of inhibitory agents. The nonenzymic lipid peroxidation 
needs oxygen, iron, unsaturated lipids and usually a pro-oxidant or 
oxidation accelerator such as ascorbic acid (Ottolenghi, 1959). 
Metal redox systems, as stated above such as Fe /Fe ions, 
stimulate lipid peroxidation. A number of workers have proved by the 
use of chelating agents that iron functions as catalyst in both enzymatic 
and nonenzymatic form of lipid peroxidation (Kamataki et^ah, 1977; 
Kitada et^al., 1977; Sharma, 1977). Chvapil e^ah (197'f) showed the 
interference of zinc with lipid peroxidation in vivo. Role of various 
other metal ions like Ca , Pb , Ni ^, Cu , Ba , Sr"*^  , Mg* , Sn^ "*^ , 
Cr"^ ^ and Al have been thoroughly studied by Wills (1969) and 
Bishayae and Balasubramanian (1971). 
The effects of lipid peroxidation on synaptosomal membranes 
have been reported by Sun (1972). In view of high proportion of 
•R* 
^ loH ^ 2 
- CHj CH * CH- CHj- CH » CH - CHj" CH « 
OH 1+02 
-CHjCH-CH-CHj-CH«CH-CHjCH -
OHJ C +^RH 
- CHj-CH - CH - CH2- CH - CH - CHj" CH -
OHIO^H 
-CHp-CHO* HJO + O C H - C H J - C H - CH-CH2-CH-
• O H ' 
OCH-CH2- CH- QH - C»^-CH = 
0Hk02 
O C H - C H J - ^ H T 9 H - CH^CH= 
OHl (^ • RH 
O C H - C H ^ C H T 9H - CHj-CH" *R' 
6H| 0^ 
OCH-CH2-CH04-H20 +OCH- CHj-CH « 
Malondialdehyde ^ 
Fig. 1: General Scheme of Lipid Peroxidation 
33 
polysaturated fatty acids in synaptosomal membrane (Deenen et^  ah, 
196f) and the presence of NADPH dependent microsomal oxidase 
system (NADPH a means of enzymic lipid peroxidation inducer) in 
tissues (Tarn and McCay, 1970) he suggested that peroxidation of 
synaptosomal memrbane may occur as a consequence of irradiation 
or some other conditions which may accelerate free radical formation. 
Sun (1972) further showed that lipid peroxidation produced a rise in K -
concentration required for half maximal rate of Na , K - dependent 
ATPase, perhaps because K binding sites on the enzyme were affected. 
In the present study synaptosomes were taken as a model and treated 
with Fe and ascorbate to produce damage to the synaptosomal 
membrane by means of nonenzymic lipid peroxidation. The effect of 
metal-metal interaction was investigated on this pretreated synaptosomal 
preparation and compared with the control preparations in order to 
understand the changes in the functioning of synaptosomes particularly 
when the membranes are in altered structural condition. 
EXPERIMENTAL PROTOCOL 
Synaptosomes from corpus striatum, mid-brain and cerebral 
cortex of rat brain were prepared according to the method of 
Whittakar (1969). Each preparation of three regions was divided into 
Synaptosomal Fraction 
1 
Diluted to 0.2 mg protein/ml in 0.15 M KCl 
.. 1 
Incubated with 120 yM Fe , 200 yM ascorbate 37°C, 2 min. 
I ' , 
1.0 ml was pipetted Rest of the fraction 
in lO* TCA and ^©A | 
was measured Centrifuged, 17800 xg, 30 min. 
Residue (synaptosomal fraction) Supernatant 
1 
Washed once and suspended 
Pretreated Synaptosomes 
1) in Kreb's Henseleit saline for 
monoamine uptake studies 
or 
2) in sucrose solution for enzyme assay 
The synaptosomal fraction, processed in the identical manner 
but without treating with Fe** and ascorbate, was taken as 
"untreated synaptosomes" 
Pretreatment Schedule Flow Sheet 
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two groups - one serving as the control preparation termed as 
"untreated" while the second was treated with Fe , 120 ym and 
ascorbate, 200 ym termed as "pretreated". All the preparations 
were assayed for malondialdehyde (MDA) ( a measure of lipid peroxi-
dation), detailed in Material and Method. Both the preparations were 
centrifuged at 17,000 xg for 30 min at ^'C and collected the synapto-
somal pellets and resuspended in cold KC1(0.15 M). A part of these 
resuspended preparation of synaptosomes were incubated with metal 
ions (Pb^^, Mn"*^ ^ and Cd individually and in combination with the 
concentration 25 yM, 100 yM and 25 yM, respectively) in a total volume 
of 1.0 ml containing 100 yg protein at 37°C in a metabolic shaker. To 
the reaction mixture 1.0 ml of 10% TCA was added after 2 min incubation. 
Samples were centrifuged at 3000rpm for 5 min. Supernatant was assayed 
for MDA using the method of Wilber et^aL (1967) described in Material 
and Method. The total damage of the synaptosomal memrbane was 
taken as the extent of MDA formed due to pretreatment with Fe ^ and 
ascOrbate and/or that formed due to incubation with metal ions. 
RESULTS 
The effect of pretreatment with Fe + ascorbate and that of 
Pb , Mn and Cd individually and in combination, on the regional 
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synaptosomal lipid peroxidation are presented in Tables 1, 2 and 3. 
The data showed that pretreatment of synaptosomes with 120 pM 
Fe** + 200 \M ascorbate in two minutes of incubation produced a 
remarkable increase in malondialdehyde (MDA) production (a measure 
of lipid perixodation) in all brain regions studied, i.e., mid-brain, 
cerebral cortex and corpus striatum. However, the mid-brain and cortical 
synaptosomal preparation were marked with 100 and 110% increase res-
pectively while striatal lipid peroxidation increase was 168%. Divalent 
metal ions, i.e., Pb ,Mn and Cd*^ individually as well as in combinations 
in two minutes of incubation, did not have any significant effect on lipid 
peroxidation in untreated synaptosomal preparation while pretreated 
synaptosomes were significantly affected. However, Pb , Mn and 
Cd^* increased MDA formation in the pretreated synaptosomes of all 
brain regions with slight variation in respect of f>ercent of increase. 
Further, the combinations of these metal ions did not show any 
interactive effect on MDA formation in pretreated synaptosomes. 
DISCUSSION 
Lipid peroxidation is widely accepted as a process to produce 
oxidative damage to the biological tissues, particularly the memrbane 
which plays a vital role in the physiological functions of the cell 
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(Finkelstein, 1968; Moore et^al., 1969; Demopoulous, 1973). Several 
agents like alcohol, drugs, metals, irradiation have been reported to 
induce lipid peroxidation in the biological systems in presence of oxygen 
(Tarn and McCay, 1970; Luzio and Hartman, 1967; Horgan and 
Philpot, 1962; Wills, 1969). 
Synaptosomes, the pinched off and resealed nerve endings, are 
known to retain several properties of presynaptic nerve terminals 
(Shoemaker and Nickolson, 1983). Synaptosomal membrane may be 
highly susceptible to oxidative damage due to high contents of poly-
unsaturated fatty acids required in order to maintain structural integrity 
of the membrane (Deenen et^ah, 196't). This damage with the 
consequence of alteration in membrane integrity may lead to altered 
neurotransmission of nerve impulse in the brain. In the present study, 
the synaptosomes isolated from brain tissue were pretreated with Fe -, which 
sufficiently ( 100%) induced lipid peroxidation in the synaptosomes of 
mid-brain, cortex and striatum, maximum being in the striatum. Thus, 
this Chapter deals with the preparation of pretreated (damaged) and 
untreated (normal) synaptosomes to study the biochemical effects of 
interaction amdng lead, manganese and cadmium on Na"*^-K'''-ATPase, 
a transmembrane enzyme invovled in active transport of cations and 
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on the synaptosomal uptake of catecholamines, i.e., dopamine and 
norepinephrine in the two following chapters. 
The effects of lipid peroxidation on Na , K -ATPase and 
dopamine uptake in the lipoperoxidised synaptosomes have been 
reported by Sun (1972) and Pastuszko et^  ah (1983). Certain divalent 
metal ions have been reported to induce lipid peroxidation in the 
biological system. Shafiqur Rehman (198'j) showed the decreased level 
of phospholipids and increased rate of lipid peroxidation in brain of 
rats exposed to lead. Similar results have been reported in the brain 
of rats exposed to cadmium (Hussain et^  ah, 1985). Concurrent 
exposure of lead and manganese to rats produced inhibition in lipid 
peroxidation in brain while at the same time in iron-deficient rats, the 
two metal exposure increased the lipid peroxidation (Malhotra et al., 
198'f). The present data on metal-metal interaction on lipid peroxidation 
in untreated and pretreated synaptosomes showed that the metal ions 
individually and in combinations did not induce any significant lipid 
peroxidation as compared to control in untreated synaptosomes, while 
these metal ions individually and also in combination produced a 
significant change in the pretreated synaptosomes, however, no effect 
of interaction among these metals on lipid peroxidation was observed. 
This discrepancy in no induction in lipid peroxidation on account of 
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these metal ion in this study may be due to the short period, i.e., 
2 min of incubation. 
Conclusively, the present experiment provide a ^ vitro model 
of synaptosomes of altered membrane integrity to study the membbane 
bound enzyme Na*, K^-ATPase and monoamine uptake vs. metal-
metal interaction. 
CHAPTER - I I 
I N T E R A C T I V E E F F E C T OF M E T A L I O N S 
ON N a * , K * - A T P a s e 
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INTRODUCTION 
The sodium-potassium pump plays a significant role in maintaining 
the physiological functions in various organs and excitability in nerve 
and muscle tissues (Whittam, 196'f; Emmelot and Bos, 1966). Sodium and 
potassium dependent adenosine triphosphatase (Na , K -ATPase) an enzyme, 
is an integral part of Na , K pump (Skou, 1960). It pumps Na^ out of 
and K" into the cell at the expense of energy contained in B-y phosphate 
anhydride bond of ATP molecule. By a mechanism the energy released 
by ATP hydrolysis is translated by Na , K -ATPase into potential energy 
in the form of Na and K chemical gradients across the membrane. 
These gradients are then used to drive secondary active transport, e.g., 
amino acid, neurotransmitter, etc., processes. 
Fig.l represents the mechanism for functioning of Na ,K -ATPase 
which is a cyclic reaction in steps. Skou (1960) postulated that phos-
phorylation of the enzyme took place with Mg ^-ATP complex in the 
presence of Na . With a conformational change in the enzyme (Ei~ P 
to E^ ~ P) Na is released out of the cell and enzyme was dephospho-
rylated by a K -dependent process. Again with a conformation 
change to E.,K^ is driven inside the cell. 
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Several studies have shown that the hydrophobic (mainly due to 
phospholipids) environment of the membrane plays an important role 
in the normal functioning of Na , K -ATPase system. Organic solvents, 
detergents or phospholipase A treated enzyme preparation does not 
exhibit any Na"^ , K^-ATPase activity but it is restored to great extent by 
adding various phospholipids to Na ,K -ATPase preparation (Formby 
and Clausen, 1968; Tanaka, 1969; Wheeler and Whittam, 1970; Ho kin 
and Hexum, 1972). Further, it has been concluded that the binding of 
phospholipids to protein is necessary to maintain the appropriate con-
formation for the enzyme activity. 
Dephosphorylation step of ATP hydrolysis by Na , K -ATPase has 
been extensively studied and has now been shown that Na , K -ATPase 
activity invariably exhibit an ouabain inhibitable, K -dependent phospha-
tase activity. Ahmad and 3udah (196^ )^ described Ihis enzyme as K -p-
nitrophenyl phosphatase (NPPase) which paralleled with the activity of 
Na , K -ATPase. Several workers confirmed the activitiy of this enzyme 
using p-nitrophenyl phosphate, carbamyl phosphate or acetyl phosphate 
as substrates in Na , K -ATPase preparations of brain (Soche et aL, 
1967; Formby and Clausen, 1968) erythrocyte membrane (Rega et al., 
1968), kidney cortex (Bader and Sen, 1966) and of other organs. 
Similarity in heat activation (Yoshida et al., 1969) and cross inhibition 
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by the substrates (Badar and Sen, 1966) emphasize the close relationship 
between K^-activated phosphatase, i.e., K -p-nitrophenyl phosphatase 
activity and Na , K -ATPase system. 
Heavy metals in general have been known to affect the cell 
membrane and alter its functions. This alteration in membrane 
function may lead to several disturbances in cellular physiology which 
ultimately manifest as a toxicological response in the animal tissues. 
As stated.earlier, Na , K -ATPase is a transmembrane enzyme whose 
whosenormal activity is essential for the maintenance of electrochemical 
gradient and secondary active transport of several essential biomolecules. 
Several reports have shown that a wide variety of divalent metals 
interact with andean produce inhibition in the activity of Na" ,^ K -ATPase. 
Peter et^al. (1966) reported that intracerebral injection of copper in 
pigeon provoked convulsions a condition which was related to the ability 
of copper to inhibit ATPase in the brain microsomal preparations. Later 
on Donaldson et^  ah (1971) studied this effect in some details and found 
that in vitro Zn , Cu , Fe and Mn produced specific inhibition in 
Na , K -ATPase activity. Intraventricular injection of the same cation 
or of ouabain (specific inhibitor of Na*, K''"-ATPase) resulted in convul-
sions. The potent inhibitors of Na*, K*-ATPase in vitro (ouabain, Cu** 
and Zn ) were similarly effective ^n vivo, while the inhibitors 
45 
relatively ineffective (Fe and Mn ) were similarly of low potency 
in vivo. The potent inhibitors of the enzyme caused convulsions at 
low doses, the ineffective inhibitors caused convulsion only at very 
high doses. Prakash et^  ah (1973) reported the effect of certain transi-
tion metal ions on the activity of Na , K -ATPase in rat brain 
synaptosomes. Cu , Hg , Zn , Co^^, Ni and Mn*"*^  were classified 
into three categories on the basis of their inhibitory potency - (a) Cu"^ ^ 
and Hg completely inhibited the activity at concentrations exceeding 
10 yM; (b) Zn as an intermediate inhibitor causing complete 
inhibition at concentration exceeding 100 yM; and (c) Co , Ni and 
Mn^^ inhibition never exceeds 20% even at concentrations exceeding 
200 yM. Prakash et^aK (1973) also tried to relate this inhibitory pattern 
of metals on Na^, K''^-ATPase with the synaptosomal uptake of ^H-
3 
norepinephrine and H-choline and found the parallel relation with respect 
to the effect of metals in inhibiting the enzyme activity and in inhibiting 
the uptake process. 
Fe and Pb are the competitive inhibitors of the enzyme (Hexum, 
1974) showing that these metal ions compete for the active site on the 
enzyme with its substrate ATP. Cu , Zn the potent inhibitors of the 
enzymes, exhibit noncompetitive inhibition evidenting the binding of these 
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metal ions away from the active site of the enzyme which may cause 
some conformational change resulting in complete inactivation of the 
enzyme. Siegel and Fogt (1977) studied the effect of inorganic lead on 
Electrophorus electroplax microsomal Na ,K -ATPase and NPPase. It 
has been suggested that Pb in micromolar concentration reversibly 
inhibit both the enzymes through the binidng to the single independent 
site on the enzyme. Zn^ "*^ , in micromolar concentration, has been found 
to be irreversible inhibitor of Na*,K -ATPase (Gettelf inger and Siegel, 
1978). 
Although much literature is available on the individual effect of 
several metals and their mode of action on the Na ,K -ATPase system. 
But reports on the combined effect of metal ions is comparatively nil 
particularly in membrane of altered structure (discussed in previous 
section of lipid peroxidation). The present studies, therefore, were 
designed to investigate the effect of metal ions on the activity of Na , 
K -ATPase system. 
EXPERIMENTAL PROTOCOL 
Synaptosomal fraction was prepared in ice-cold 0.32 M sucrose 
solution according to the method of Whittakar (1969) from rat whole 
brain, corpus striatum^mid-brain and cerebral cortex. Na*, K*-ATPase 
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and K -p-nitrophenyl phosphatase were assayed using the methods 
described by Philips and Hayes (1977) and Ahmad and 3udah (196'*), 
respectively. Corpus striatum, mid-brain and cerebral cortex synapto-
somes were devided into two halves. One served as normal synaptosomes 
or "untreated" synaptosomes while the other was treated with Fe + 
ascorbate and served as "pretreated" synaptosomes. Etetails in Material 
and Method. 
Na , K -ATPase in Whole Brain Synaptosomes 
Different concentrations of Pb , Mn and Cd^ ions were 
used to know the individual effect of these metal ions on the enzyme 
activity and the selected concentration of these metals in combination 
were used to explore the interaction effect. 
NPPase in Whole Brain Synaptosomes 
Varying concentrations and then selected concentration in 
combinations were added in the enzyme assay system to investigate the 
individual and interaction effect of Pb , Mn and Cd ^ on the enzyme 
activity. Line Weaver Burk plots were also drawn with respect of 
substrate p-nitrophenyl phosphate and K -ion and kinetic parameters, 
i.e., Km and Vmax were ^calculated. 
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Na^, K^-ATPase in Corpus Striatum, Mid-brain and Cerebral Cortex 
Synaptosomes 
Pb"^ "^ , Mn"^ "^  and Cd"^ "^  at concentration 25,100 and 25 yM 
respectively were added in the enzyme assay system of both types of 
preparations (untreated and pretreated). Interaction effect at the same 
concentrations was also investigated. 
RESULTS 
Na^,K -ATFase in Whole Brain Synaptosomes 
Tabel 1 represents the individual and combined, jri vitro, effects 
of Pb , Mn and Cd on the activity of Na , K -ATPase in whole 
brain synaptosomes. Pb and Cd alone significantly inhibited, in a 
dose dependent manner, the activity of the enzyme. Cd , however, 
at the concentration of 50 yM almost completely inhibited the enzyme 
activity while the enzyme exhibited 20% activity in the presence of 
Pb even at 100/*M concentration. Mn alone at 100 yM concentration 
did not produce any significant change and only very high concentrations, 
i.e., 0.5 mM and 1.0 mM could inhibit (p<0.05) the enzyme activity. Thus 
Cd^ was found to be most toxic to this enzyme followed by Pb^^ while 
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Table 1. Effect of Mn'"'', Pb""^  and Cd"^ "^  on Na"", K"'-ATPase 
activity in ra t brain synaptosomes. 
»<>+•> 1/ \ Concentration Na , K -ATPase activi ty 
Metaus; (^^) (% jjj control) 
100 
Mn^ -^  
Pb^^ 
Cd^* 
Pb^^ + 
Pb^^ + 
Mn + 
Mn^^ 
Cd^^ 
Cd^^ 
100 
500 
1000 
10 
25 
50 
100 
10 
25 
50 
100 
10 + 
10 + 
100 + 
100 
10 
10 
9«t 
85 
80 
79 
67 
53 
20 
77 
26 
4 
75 
9 
± 1.32 
± 2.51** 
± 2.30* 
± 2.73** 
± 3.15** 
± '^ .21*** 
± k.75*** 
± 3.81** 
± 2.70*** 
± 1.10*** 
0*** 
± 2.Zk** 
0*** 
± 'f.79*** 
* - p<0.05; ** - p<0.01; *** - p<0.001. 
Compared to controls. Values represent mean ± S.E. of five 
experiments in triplicate. The control specific activity of 
the enzyme is 38 ± 2.k y mole Pi/mg protein/hr. 
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Mn had negligible effect on the Na , K -ATPase in whole brain 
synaptosomes. Addition of Pb^^ and Mn in the concentrations of 
10 pM and 100 uM, respectively produced 25% inhibition while Pb 
and Cd in equal concentration of 10 yM completely inhibited the 
Na , K -ATPase. Mn and Cd , simultaneous addition, in concen-
tration of 100 yM and 10 yM, respectively showed slight activity of 
the enzyme. 
NPPase in Whole Brain Synaptosomes 
Fig. 2 describes the effect of Pb , Cd and Mn ions on the 
activity of K -p-nitrophenyl phosphatase. These three meal ions indi-
vidually produced a concentration dependent inhibition in the enzyme 
activity. Pb and Cd initially had a little effect but after a certain 
concentration (Fig. 2) of metal, the effect on the enzyme shoots up 
giving a sigmoidal curve of inhibition pattern and almost complete 
inhibition occurs at 100 yM concentration of Pb"*^ * or Cd^^. Mn^^ is 
a moderate inhibitor. It inhibited the enzyme activity even at the low 
concentrations but this inhibition did not exceed 80% even at 1000 yM 
concentration of Mn . The inhibition pattern with Mn was rectangular 
hyperbola type. 
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Table 2. Effect of Pb"^ "^ , Mn"^ "^  and Cd"^ "^  interaction on NPPase 
in rat brain synaptosomes. 
Metal(s) Concentration (yM) 
NPPase activity 
(% of control) 
None 
Mn^^ 
Cd^^ 
Pb^^ 
Pb^^ 
Mn^^ 
+ 
+ 
+ 
Mn^ -^  
Cd^ -^  
Cd^^ 
30 
100 
30 
30 + 100 
30 + 30 
100 + 30 
100 
92 
73 
70 
50 
3 
12 
Control values of the enzyme specific activity is it.2 y mole PNP/ 
mg protein/hr. 
The values are mean of three experiments in triplicate. 
Cd 
^OOn ^—^ Mn 
++ 
++ 
++ 
100 (Pb&Cd) 
200 600 1000 (Mn) 
Concentration (uM) 
Fig. 2 : ++ ++ Effect of Pb"", Mn"" and Cd 
in rat brain synaptosomes. 
++ on NPPase 
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Interaction studies of the metals were carried out with the 
metal concentrations which produced inhibition below 50% of the 
enzyme activity (Table 2). Addition of Pb"^ "^  and Mn"^ "^  (30 and lOOyM, 
respectively) produced 50% inhibition which was an additive effect. 
Pb "*" and Cd in equal concentration of 30 yM of each, almost 
completely inhibited the enzyme. The effect of Mn + Cd (100 UM + 
30 ]iM) also resulted in complete inhibition in the enzyme activity. These 
two combinations Pb + Cd and Mn + Cd , thus, exhibited a poten-
tiating type of inhibitory effects on the NPPase activity. 
Kinetic parameters, i.e., Km and Vmax were determined from 
Linev^ver Burk plot (fig. 3, k), i.e., reciprocal of reaction velocity 
vs. reciprocal of varying substrate OP K concentration in the absence 
and presence of fixed concentration of Pb ,Mn and Cd (35,100 
and 15 yM) (Table 3). Pb"*"'^ ,Mn'^ '^  and Cd"^ "^  reduced Vmax from 5.0 to 1.0, 
4.0 and 2.5 yM PNP/mg protein/hr, respectively with no change in Km 
(2.9 mM). Km and Vmax with respect to K were also determined. Pb^^ 
changedboth kinetic parameters. HOwever, Km changed from 10 to 
16.7 mM while Vmax reduced from 5.0 to 3.6 yM PNP/mg/hr. Mn"^ "^  
altered the Km from 10 to 25 mM with no change in Vmax (5.0yM PNP/ 
mg/hr). Cd"^ "*" reduced the Vmax from 5.0 to 1.0 yM PNP/mg/hr without 
affecting Km (10 mM). 
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Ma*, K^-ATPase in Cerebral Cortical Synaptosomes 
The effects of metal ion, single or combined, on the activity 
of Na^, K^-ATPase in normal (untreated) synaptosomes and in those 
subjected to nonenzymic lipid peroxidation (pretreated) are shown in 
Table f^. Analysis of variance ( 2 x 7 factorial design) of the data showed 
a significant metal effect (F = 104.07, p<0.01) and this effect differed 
in two types of synaptosomes (F = 3.80, p<0.01). Pretreatment of 
synaptosomes alone decreased the activity of Na , K -ATPase (F = 
60.'fl, p <0.01). Further linear contrast analysis revealed that Pb"^ "*^  
produced an over all inhibitory effect (p<0.001) in the enzyme activity 
in both types of synaptosomal preparation. This inhibitory effect of 
Pb was irrespective of Mn or Cd present in the assay system. 
Mn alone had no significant effect on the enzyme in untreated as 
well as in pretreated synaptosomes. Cd alone also did not exert 
any effect on the enzyme activity in either synaptosomal preparation. 
Cd , however, in presence of Pb in the assay system, significantly 
inhibited theenzyme activity in both types of synaptosomes while in 
presence of Mn "^ , Cd activated the Na^, K^-ATPase in untreated 
and no such effect was observed in the pretreated synaptosomal prepara-
tion. The combination of Pb"^ "^  and Cd++ significantly inhibited the 
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enzyme activity and had a synergistic effect in both types of synapto-
somes. Mn"*^"*^  + Cd"*"*^  had no interaction and their net combined effect 
was the addition of individual effects of Mn and Cd on ATPase 
activity in untreated as well as in pretreated synaptosomes. The effect 
of Pb"*^"*^  + Mn"*^"*^  on the enzyme is synaptosomal preparation biased. This 
combination had no interaction effect on the enzyme activity in the 
untreated synaptosomes while in the pretreated synaptosomes a synergistic 
inhibitory effect (p <0.05) on the activity of the enzyme was observed. 
Na , K -ATPase in Mid-brain Synaptosomes 
Table 5 represents the data on the effects of Pb , Mn and 
Cd ions, individual or combined, on Na , K^-ATPase in control 
(untreated) and pretreated mid-brain synaptosomes. Analysis of variance 
( 2 x 7 factorial design) of the data showed a significant metal effect 
(F = 991.68, p <0.001) and this effect was differed in control and pre-
treated synaptosomes (F = 213.26, p< 0.001). Pretreatment of synaptosomes 
aldhe decreased the activity of the enzyme (F = 121.7'^, p <0.001). The 
linear contrast analysis revealed that Pb"^* alone produced a pronounced 
inhibitory effect (p< 0.001) on the enzyme activity in both types of 
synaptosomes. Further Pb had its own inhibitory effect even in the 
presence of Cd"^ "^  or Mn"^ "^  in the assay system. Cd"^ "^  produced no 
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significant effect on the enzyme in untreated synaptosomes while in 
pretreated synaptosomes an overall strong inhibitory effect (p< 0.001) 
on the enzyme activity was observed. Further Cd had its own 
inhibitory effect even in the presence of Pb (p< 0.001) or Mn 
(p<0.05). The effect of Mn"*^"*^  also was dependent of pretreatment 
to synaptosome and had activating effect on the enzyme in control 
(p< 0.001) as well as in pretreated (p<0.05) synaptosomes. However, 
Mn had more marked activating effect on the enzyme in the presence 
of Cd or Pb ^ in both the types of synaptosomes. Interaction effect 
among these metal combinations was also dependent on the type of 
synaptosomes used. Pb + Cd had no interaction effect in the 
control synaptosomes while a marked interaction among Pb + Cd 
producing inhibition (p< 0.001) in the activity of enzyme was noted in 
pretreated synaptosomes. Pb^^ + Mn and Cd + Mn^ combinations 
also had interaction among themselves and produced inhibition in ATPase 
activity in untreated synaptosomes while in the pretreated synaptosomes 
no such interaction effect was observed. 
Na , K -ATPase in Striatal Synaptosomes 
Table 6 shows the effect of Pb and Mn under individual 
or combined condition, on the Na" ,^ K"^-ATPase activity in control 
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(untreated) and pretreated synaptosomal preparations. The analysis of 
variance ( 2 x 4 factorial design) of the data revealed a significant 
treatment (F = l'f.29, p<0.01) and metal (F = 93.76, p<0.01) effects. 
The pretreatment vs. metal effect was not significant and metals had 
same type of effects in both the types of synaptosomal preparation. 
The pretreatment of synaptosomes resulted in a decrease in the enzyme 
activity. Pb as well as Mn produced a marked inhibition in the 
activity of the enzyme in both the types of synaptosomes. However, 
Pb was more potent inhibitor compared to Mn**. The combination of 
the two metals also, produced a significant decrease (p< 0.001) but no 
significant interaction between these two metal ions was observed and 
this significant effect was the addition of individual effects on the 
enzyme activity. 
Following conclusions are being made after the analysis of 
overall data : 
1) Pb (25 yM) inhibited the Na*, K*-ATPase activity in whole 
brain as well as in the brain regions studied irrespective of untreated 
and pretreated synaptosomal preparation, however, the degree of 
inhibition was more marked in later type of synaptosomes. 
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2) Mn"*^"*^  (100 ]xM) alone did not produce any effect in whole brain 
and cortical ATPase activity while a slight activation in mid-brain and 
slight inhibition in striatal ATPase was observed with the characteristic 
of more lowering down the enzyme activity in pretreated synaptosomal 
preparation. 
3) Cd*^ did inhibit the enzyme in whole brain normal synaptosomes 
while no change was noted in the normal synaptosomes of regions studied 
and a significant enzyme inhibition was found in the pretreated synapto-
somal ATPase in all the brain regions. 
It) Pb + Mn and Pb"" + Cd "^  inhibited the enzyme 
irrespective of brain or brain regions and further, more degree of 
inhibition was noted in pretreated synaptosomes. 
5) Mn + Cd did not exhibit any change in neither of the 
brain region enzyme activity but a significant inhibition in the whole 
brain ATPase activity was noted. 
DISCUSSION 
Biomembranes are the first receptive site for every essential 
as well as nonessential molecule entering the cell. Any alteration in 
the integrity of the membrane may lead to changes in the functions of 
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membranal components like enzymes, receptors, etc. (Moore et al., 
1969). Na"*^ , K''^-ATPase is a transmembrane enzyme which is widely 
accepted to be an integral part of the mechanism involved in the 
active transport of cations across the membrane (Bonting, 1970; Dahl 
and Hokin, 197'j; Bogdanski, 1976). Several metals have been reported 
to interfere with the membrane integrity (Ottolenghi, 1959; Wills, 1969; 
Chvapil et^al., 197'f) as well as with Na"^ , K"^-ATPase (Hexum, 197'f; 
Ting-Bell et al., 1973). In the present study, synaptosomes from cerebral 
cortex, mid-brain,striatum as well as whole brain were used to study the 
effects of metal-metal interaction on Na , K -ATPase system. 
Furthermore, the effect of metal-metal interaction on the altered 
synaptosomes was studied where synaptosomal preparations were 
subjected to nonenzymic lipid peroxidation using Fe /Fe redox 
system (Ottolenghi, 1959). 
A number of metals, drugs and other chemicals are known to 
enhance lipid peroxidation and inhibit the synaptosomal ATPase activity. 
This effect of lipid peroxidation on enzyme activity may be explained 
in two ways. One is that the hydrophobic environment in the membrane 
provided by mainly unsaturated fatty acids is necessary to maintain the 
appropriate conformation of the enzyme (Wheeler and Whittman, 1970; 
Hokin and Hexum, 1972). Lipid peroxidation reduces this hydrophobic 
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environment as a result of which some conformational changes in the 
enzyme structure may occur consequently loss in enzyme activity. 
Secondly, in the lipoperoxidised synaptosomal preparation Km for K , 
the concentration of K at which Na, K*-ATPase shows half of the 
maximum biological activity, was increased suggesting (Sun, 1972) 
the effect of lipid peroxidation on the K binding site on the enzyme 
molecule. 
The inhibitory actions of individual metals on Na , K -ATPase 
have been examined in brain microsomal and synaptosomal preparations 
(Prakash et^aL, 1973; Hexum, 1974; Lai et^ah, 1980; Rajanna et^  ah, 
1983). These studies indicate that Cu"*^ "^ , Zn"^ "^ , Fe"^* and Cd"^ "^  inhibit 
Na^, K^-ATPase activity competitively (Fe"'^ ''^ , Cd^^), non-competitively 
(Cu"^ "^ , Zn"^ "^ , Cd"^*). Siegel and Fogt (1977) reported Pb"^ ^ to be a non-
competitve inhibitor of Na , K -ATPase as well as of NPPase, an enzyme 
acting on dephosphorylation stqjof ATP hydrolysis catalysed by Na^, K^-
ATPase. In the present study, all the three metals Pb^^, Mn^^ and Cd^* 
were found to be inhibitors of Na , K -ATPase and NPPase in crude 
synaptosomal preparations. Further, the action of these metal ions 
on NPPase was noncompetitive with respect to its substrate indicating 
their site of action on the enzyme was not active site. The data 
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showing that these metal ions inhibit the Na"*", K'''-ATPase activity as 
well as the dephosphophorylating step indicate the interaction of the 
metals with the brain whole active transport system of Na , K -ATPase 
pump. 
This study was compared with the effect of metal ions on 
ATPase in pretreated synaptosomes, i.e., in the presence of altered 
membrane structure due to induced lipid peroxidation. All the three 
metals, in general were found to produce more inhibition in the activity 
of Na , K -ATPase in the pretreated synaptosomes compared to controls. 
The conformation of the K -binding site on the exterior site of the 
enzyme molecule which is located across the membrane may become 
altered because of the membranal damage by lipid peroxidation (Sun, 
1972) in such a way that its availability for the action of metal ions 
increased and hence more inhibition in the enzyme activity in the 
pretreated synaptosomal preparation compared to controls. 
Since brain is a heterogenous tissue whose chemical composition 
and functions varies from region to region, therefore, this chapter also 
includes the study in whole brain, striatal, mid-brain and cortical 
synaptosomal ATPase vs. metal effects. Pb"""^  is not biased with whole 
brain or different regional ATPase activity except slight variation in 
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the degree of inhibition. Mn"*"*^  at 100 pM concentration does not have 
any effect on whole brain and'cortical ATPase activity while a slight 
but significant increase in mid-brain and a decrease in striatal ATPase 
are observed. In the same way, Cd inhibits the whole brain ATPase 
while the regional ATPase remains unaffected. This regional discrepancy 
at present can not be explained. However, Sweadner (1979) reported 
two molecular forms of Na , K -ATPase in rat brain. One was found 
in nonneuronal cells (astrocytes) while the other was in plasma membrane 
of myelinated axons (axolemma). These two molecular forms differ in 
number of reactivity of -SH groups. Cd , Mn and Pb have 
affinities to react with -SH groups (Passow et^ah, 1969). The present 
data is quite insufficient to say whether two molecular forms of the 
enzyme or other chemical heterogeneity of the brain structure is 
involved in such type of difference in the metals effect. 
Data on effect of metal-metal interaction on Na*, K*-ATPase 
showed that the Pb + Mn , in general, had no interaction effect on 
Na , K -ATPase and NPPase. Their combined effect was additive in 
nature. Pb + Cd interaction had more than the additive effect on 
the-enzyme activity. Mn + Cd interaction also in general had no 
effect. Pb and Cd are nonessential divalent metals and have fair 
6G 
affinity for -SH group. Pb"*^ ^ has been reported to be noncompetitive 
++ inhibitor (Siegel and Fogt, 1977). The action of Pb on the enzyme 
molecule might be producing conformational changes in such a way as 
the active site of the enzyme was fairly available for Cd , a competitive 
inhibitor (Rajanna et al., 1983), and produced almost complete inhibition. 
In conclusion, the combinations of Pb , Mn and Cd , particularly 
Pb + Cd , produced more pronounced interference in the maintenance 
of an inward directed sodium electrochemical gradient across synaptosomal 
membranes by inhibiting Na , K -ATPase activity in pretreated 
synaptosomes as compared to untreated "synaptosomes indicating that 
interaction of metals and lipid peroxidation have synergistic effect in 
inhibiting the activity of transport ATPase. 
CHAPTER - I I I 
I N T E R A C T I V E E F F E C T OF M E T A L 
I O N S ON M O N O A M I N E U P T A K E 
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INTRODUCTION 
There are approximately thirty substances known to act as 
neurotransmitters in the brain, each with either excitatory or inhibitory 
function on the post synaptic cell, and each localized to specific 
groups of cells to impose a modulatory and specific effect on trans-
mission of nerve impulses in the brain (McKeran, 1983). Catecholamines 
comprising of dopamine (DA) and norepinephrine (NE) have been 
confirmed to be neurotransmitters in the central as well as in peripheral 
nervous system, and are involved in a wide variety of central and 
peripheral functions such as heart rate, force of cardiac contraction, 
vasomotor tone, carbohydrate and fatty acid metabolism and psychomotor 
activity (Weiner, 1980). 
The catecholamines are derived biosynthetically from L-tyrosine. 
The picture of DA and NE biosynthesis, storage, release, interaction 
with receptor and termination of transmitter action by means of uptake 
system in presynaptic terminals is presented in Fig. 1 and 2. Each 
neuron usually possess only the necessary enzymes to synthesize one 
neurotransmitter. Neurotransmitters are stored in vesicles that 
serve to produce an economy of synthesis of neurotransmitters, since 
they are not degraded by presynaptic degradative enzymes (Bertler, 1961). 
Tyrosine 
DOPA *—\—Presynaptic neuron 
i 
' ' * ' ^dopomine 
Postsynaptic neuron. 
a • storoge of granules of dopamine b - release of dopamine 
c - interaction witti receptor d - reuptoke of dopomine 
I : Tyrosine hydroxylase 
3 - Monoamine oxidase (MAO) 
2 = Catechol-O-methyltronsferose 
(COMT) 
MTA = 3 methoxytyramine HVA - Homovanillic acid 
Fig. 1 : Metabolism of dopamine in dopaminergic 
neuron. 
Tyrosine 
MHPG-S 
a - storage of granules of NA 
c - interoction with receptor 
b = release of NA 
d = reuptoke of NA 
I : Tyrosine hydroxylose 2 - Dopamine ;8-hydroxylase 
3 = Catechol-0-methyltransferase (COMT) 4 = Monoamine oxidase (MAO) 
5 = Sulfotransferose (ST) 
NM ^Normetanephrine 
MHPG-S A sulphate conjugote of MHPG 
MHPG = 3-methoxy-4-hydroxy-
phenylglycooldehyde 
Fig. 2 : Metabolism of noradrenaline in noradrenergic 
neuron. 
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The nerve impulse arriving at the synapse results in the release of 
neurotransmitter molecules by increasing permeability to Ca ions 
which activate release mechanism (Levy et aK, 1973; 197**; Cotman 
et^aU, 1976). The neurotransmitters then interact with specific 
protein receptors in the post synaptic membrane. This interaction 
produces in the receptor protein a conformational change that may 
be coupled to a short lived ionic permeability charge to produce 
excitation or inhibition of the postsynaptic cell's membrane firing 
rate. The inactivation of the neurotransmitter molecules may be 
either enzymic or by reuptake presynaptically Fig. 1 and 2. The 
biogenic amines are in ionic form at physiological pH which cannot 
readily penetrate biological membrane by simple diffussion (Dengler 
et ah, 1961; Synder and Coyle, 1969). 
The neuronal uptake of NE is mediated by a high affinity 
transport system located in axonal membrane of adrenergic neurone 
(Iversen, 1971; 1973). This system is highly dependent on the presence 
of Na in the external medium and is stereochemically selective in 
most species and tissues for naturally occurring (-)-isomer of NE. 
The uptake sites are not specific for NE and a wide variety of other 
catecholamines can act as alternative substrate. This neuronal 
recapture of NE after its release from adrenergic nerve terminals is 
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now well established as an important mechanism in the inactivation 
of released NE. The exact extent of this recapture, however, is not 
clear. Studies by Langer (1970) and Hughes (1972) suggested that 
some 70-80% of released NE was normally removed by neuronal 
recapture mechanism. 
Studies of the uptake of tritiated - DA by slices of homogenates 
of dopamine rich neostriatum of mammalian brain have shown that 
dopaminergic neurons possess their own uptake mechanism (Iversen, 
1971 and Snyder et ah, 1970). This is very similar in many respects to 
NE neuronal uptake mechanism. DA uptake sites are Na dependent 
and have high affinity for DA (Bogdanski, 1968; Collburn et^ah, 1968). 
NE is also taken up by the dopaminergic neurons, but with a low 
affinity and with no stereochemical selectivity. These high affinity 
processes are capable of generating extremely high concentration ratios 
between the external medium and the intraneuronal space. Such con-
centrative capabilities are further enhanced by the fact that amines 
accumulated by the high affinity uptake do not remain free in the 
axoplasm but are rapidly sequestered in intraneuronal amine storage 
vesicles (Murphy and Kopin, 1972). 
The heavy metals like Pb, Cd, Mn, Hg, etc., have been reported 
to be potentially neurotoxic and produce neurological disorders in man 
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and experimental animals. The review of literature on the neurotoxic 
effects of Pb, Mn and Cd is being briefly presented. 
Lead, a potent neurotoxic metal, has been reported to inhibit 
brain adenylate cyclase. It has been suggested that interference with 
c-AMP metabolism and its associated synaptic mechanism may play 
an important role in some of the neurochemical (especially catecho-
laminergic) manifestation of lead toxicity (Nathason and Bloom, 1975; 
1976). Several investigators have reported the neurochemical changes 
in the brain of lead exposed animals. Lead exposure to the developing 
rats was found to produce an increase in NE levels in whole brain and 
discrete brain regions (Goiter and Michaelson, 1975; Dubas et^ah, 1978; 
Silbergeld and Goldberg, 1975). On the other hand, lowered DA concen-
tration has been reported in brain of lead administered rats (Saurhoff 
and Michaelson, 1973; Dubas and Hrdina, 1978). Chandra et^  ah (1981) 
have reported a decrease in DA and 5-HT and increase in NE concentration 
in brain of lead treated rats. In order to understand the mechanism of 
lead induced neurotoxicity with particular reference to catecholamines, 
labelled tyrosine was utilized to study the effect of Pb on the synthesis 
of catecholamines. DA synthesis remained unaltered in whole brain or 
forebrain (Schurmann et^ah, 1977; Wince et^aK, 1980). On the other 
hand studies on DA metabolites uniformly indicate that DA metabolism 
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gets altered which is dependent on the region of the brain. 
Siibergeld and Chisholm (1976) reported a significant increase in 3-
methoxy-'f-hydroxyphenyl acetic acid (HVA) and the end product DA 
metabolism in mouse forebtatn indicating increased DA turnover. 
Having taken synaptosomes as model to study the uptake process of 
amines, Siibergeld and Goldberg (1975) reported no change in NE 
high affinity uptake in synaptosomes from lead exposed animals while 
a 19% decrease in DA uptake into forebrain synaptosomes following 
in vivo exposure and also JT\ vitro addition of low lead concentration 
(Siibergeld, 1977). Contrary to these studies, recent reports indicated 
increased DA uptake in synaptosomes of lead administered rats. 
Manganese is an established neurotoxic metal and its effects on 
neurochemicals in brain have been extensively studied. Chronic 
manganese intoxication resulted in a decrease in DA level in whole brain 
of animals (Mustafa and Chandra, 1971; Bonilla and Diez Ewald, 1971*) 
while no significant change in DA contents in whole brain or corpus 
striatum of rats was reported following short-term exposure of manganese 
1980; 
(Shukla et^  al./ Seth et^  aK, 1981). NE has also been reported to decrease 
in whole brain of rabbits and basal ganglia of rats (Mustafa and Chandra, 
1971; Bonilla and Diez-Ewald, 197^ *) after long-term exposure to Mn. 
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Mincreased level of NE contents was marked in whole brain of rats 
after short-term exposure (Shukla et ah, 1980). Bonilla (1980) 
reported an initial increase in catecholamine synthesizing enzyme, 
tyrosine hydroxylase activity and then a decrease at later stages and 
suggested that the initial increase in the enzyme activity may account 
for an early increase observed in the levels of DA and NE (Cotzias 
et^ah, 1976; Shukla et al., 1980; Chandra et ah, 1979) while the 
decrease in the activity at later stages might be the cause of decrease 
in the levels of these amines after chronic exposure. The increased 
activity of monoamine oxidase has been observed in manganese exposed 
adult and developing animals (Seth et ah, 1979; Shukla et ah, 1980; Deskin 
et^ah, 1980). Its increased activity may be directly related with more 
degradation of the amines resulting in their depletion." Both short and 
long-term manganese exposures in animals have been reported to cause 
a depletion in 5-HT level (Kimura et ah, 1978; Neff et ah, 1969). 
Bonilla and Diez-Ewald (197^ )^ suggested that the depletion in 5-HT 
level might be the result of decrease in L-amino acid decarboxylase 
activity. Manganese inhibited synaptosomal uptake of a variety of 
neurotransmitters, _in vitro with some selectivity towards the uptake 
of choline, NE and DA.Chronic manganese treatment resulted in a 
significant decrease in decrease in DA uptake by synaptosomes 
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isolated from hypothalamus, striatum and mid-brain. However, no 
change in NE or 5-HT uptake was observed (Lai et^ah, 198'f). 
Cadmium has also been reported to be a neurotoxic metal besides 
its effect on the lungs and kidneys (De Simone, 1893; Gabbiani, 1966). 
In the last decade, Lucis et^aL (1972), conducted laboratory studies on 
the rats and had indicated that cadmium penetrated the blood brain-
barrier with more ease in fetal rats. However, cadmium has also been 
demonstrated to accumulate in brain of adult rats (Stowe et^  aK, 1972; 
Berlin and Ullberg, 1963). Certain, in vivo and in vitro, studies using 
relatively high cadmium concentrations have shown that cadmium 
could be potentially toxic to the central nervous system (Kasayu et^  ah, 
197't). Singhai and Merali (1979) reported that the rats chronically 
exposed to low levels of cadmium were found to be approximately 
36% more active (Spontaneous Locomotor Activity) than controls. 
Further, the rats were analysed for various biogenic amines in different 
brain regions. The data revealed that dopamine level in mid-brain and 
striatum were relatively unaltered. However, the level of dopamine 
was increased about 30% in the hypothalamus and pons-meduUa. 
Norepinephrine level in mid-brain, pons-meduUa and hypothalamus was 
found to be significantly elevated, however, NE concentration remained 
unaltered in striatum. In the same chronically cadmium fed rats, the 
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increased turnover of 5-HT level in different brain regions seemed to be 
unaltered, the level of its major metabolite, 5-HIAA, was markedly 
elevated. 5-HT is synthesized from tryptophan with the aid of tryptophan 
hydroxylase (TPH). Ir\ mid-brain, the increase in TPH activity (Rastogi 
et^ah, 1977) and elevation in 5-HIAA levels might be the cause of high 
turnover rate of 5-HT in this brain region. The levels of acetylcholine 
and dopamine in the brain of cadmium exposed animals remained 
unaltered while the level of norepinephrine was significantly increased 
(Goiter and Michaelson, 1975; Silbergeld and Goldberg, 1975). 
Now the attention has been drawn towards the health hazards due 
to exposure to more than one metal (Landrigen et^  al., 1975; Creason 
et^ah, 1975; Porn et al., 1978). The toxicity and biological level of one 
metal could be influenced by the interaction with other metals 
(Nordberg et ah, 1978). In a epidemiologcial study conducted in 
children and male workers showed an increase in blood manganese along 
with lead due to simultaneous exposure to the two metals (Delves 
et^ah, 1973; 3oselow et^al., 1978). Chandra et^ah (1981) reported 
serious derrangements in the behavioural pattern and the levels of 
biogenic amines, i.e., dopamine, norepinephrine and serotonin in the 
brain of rats simultaneously exposed to lead and magnanese compared 
to the rats exposed to either metal. However, there is paucity of 
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literature on understanding the neurotoxicity mechanism due to exposure to 
more than one metal. It is, therefore, worthy to conduct many more 
experiments to contribute towards the understanding of the mechanism 
of metal-metal interaction. In the present experiment, the effects of 
Pb**, Mn** and Cd interaction were, _in vitro studied on the mono-
amine uptake using synaptosomes as a model, from rat brain regions. 
The study was conducted and compared with that in the lipoperoxidised 
synaptosomes, i.e., pretreated with Fe"*^ ,^ a proxidant used to induce 
nonenzymic lipid peroxidation. 
EXPERIMENTAL PROTCXTOL 
Synaptosomal fraction was prepared in ice-cold 0.32 M sucrose 
solution according to the method of Whittakar (1969) from rat whole 
brain, corpus striatum, mid-brain and cerebral cortex. Uptake of 
3 3 
labelled catecholamines, i.e., H-Dopamine and H-Norepinephrine was 
determined using the method of Pastuzkoet al. (1983) with slight 
modification. Corpus striatum, mid-brain, cerebral cortex synaptosomes 
were divided into two halves. One served as normal synaptosomes or 
"untreated" synaptosomes and the other was treated with 120 jjM Fe"*^ "^  + 
200 \M ascorbate and served as "pretreated" synaptosomes. Details in 
Materials and Methods. 
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Catecholamines Uptake in Whole Brain Synaptosomes 
Various concentrations of Pb ^, Mn and Cd ions were 
added in the incubation medium to know the individual effect of 
these metal ions on the synaptosomal uptake of labelled amines and 
then selected concentration of these metal ions in combination were 
used to investigate the interaction effect. 
3 3 
H-Dopamine and/or H-Norepinephrine Uptake in Striatal Mid-brain 
and Cortical Synaptosomes 
Pb* , Mn * and Cd** at the concentration of 25, 100 and 25 \it^, 
respectively were added in the utpake incubation system of untreated 
as well as pretreated synaptosomal preparation. Interactive effect of 
these metal ions at the same concentration was also studied. 
RESULTS 
Monoamine Uptake in Whole Brain Synaptosomes 
The data in Table 1 show individual and combined effect of Pb , 
Mn* and Cd** on synaptosomal uptake of H-DA and H-NE. Pb** 
alone, in concentration of 10 yM increased synaptosomal uptake of 
3 3 
H-DA (p <0.01) and H-NA (p <0.001) while higher concentrations 
3 3 
inhibition in the uptake of H-DA, The utpake of H-NE increased 
Table 1. Effect of Mn"^ ,^ Pb"^ "^  and Cd"^ * on ^H-DA and ^H-NE 
uptake in rat brain synaptosomes. 
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Metal(s) Concentration (yM) 
% of control 
'H-DA 'H-NE 
100 100 
Mn"" 
Pb^^ 
Cd^ -^  
Mn^^ 
Mn^^ 
Pb^^ 
-.Pb^^ 
+ Cd^ -^  
+ cd-^ ^ 
100 
500 
1000 
10 
25 
50 
100 
10 
25 
50 
100 
500 + 
500 + 
25 + 
25 
25 
25 
66 ± 2.9** 
67 ± 1.9** 
58 ± 2.6** 
135 ± 1^.2** 
81 ± 2.7*** 
4 ± 1.8* 
-
Ill ± 2.6 
181 ± 1.8* 
110 ± 2.it 
26 ± 3.8* 
72 ± l^.7*** 
7 ± 5.5* 
112 ± 2.7 
69 ^  2.0** 
51 ± 3.7** 
fi5 ± f.tf** 
K 2 ± 2.2* 
169 ± 3.8* 
22'f ± 6A* 
30 ± 2.3* 
5k ± 1.9* 
49 ± 3.7** 
tH ± 3.0* 
37 ± 3A* 
80 ± 1.7*** 
t^l ± 2.7* 
50 ± 2.5* 
* - p<0.001; ** - p<0.01; *** - p<0.05; compared to controls. 
Values represent mean ± S.E. of five experiments in triplicate. 
Data was analysed using student's ' t ' test. 
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with the increasing concentration of Pb , however, at 100 \M 
3 
concentration H-NE uptake decreased significantly (p< 0.001 ). 
Lower concentration of Cd*^ increased H-DA uptake while 100 ]xM 
produced a marked inhibition. Cd"*^ ^ inhibited the uptake of H-NE 
at all concentrations (10 - 100 yM), used in this study. Addition of 
Pb + Mn in the incubation system inhibited (p<0.05) the uptake 
of ^H-DA and ^H-NE, Pb"^ "^  + Cd"^ "^  increased the uptake of ^H-DA 
3 
while a 50% inhibition (p <0.001) in H-NE was noted. The combination 
of Mn and Cd was most powerful in inhibiting (p< 0.001) the uptake 
3 3 
of H-DA and H-NE with a lesser effect on later. 
Striatal Uptake of ^H-DA and ^H-NE 
The effect of the metals, individually or combined on the uptake 
3 3 
of H-DA and H-NE in normal (untreated) synaptosomes and lipopero-
xidised (pretreated) synaptosomes are shown in Table 2 and 3. Analysis 
of variance ( 2 x 4 factorial design) of the data showed a significant 
metal effect (F = 139.39, p <0.01) and this effect was treatment biased, 
i.e., the effect differed in two types of synaptosomes (F = 29.9, p< 0.01). 
Pretreatment alone significantly increased the H-DA uptake (F = 130.11, 
p<0.01) by the synaptosomes. Further linear contrast analysis indicated 
that Pb"^ "^  caused a significant increase in H-DA uptake in both the 
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untreated (p< 0.001) and pretreated (p<0.05) synaptosomes but the 
effect was more pronounced in the untreated preparation. In presence 
of Mn*^, the H-DA uptake was decreased in both types of synapto-
somes (p<0.001) with more marked effect inuntreated synaptosomes. 
The increasing effect of Pb was more than double the reducing effect 
of Mn in the untreated synaptosomes but a reverse trend was observed 
in the pretreated synaptosomes. Combination of Pb and Mn had a 
significant interaction in untreated synaptosomes with an increase in 
H-DA uptake (p <0.001) whereas no significant change was observed in 
the pretreated synaptosomal uptake. 
3 
The effect of metals on H-NE uptake was treatment specific 
(F = 3.61, p <0.05) and the overall effect of pretreatment was an increase 
in the uptake (F = 88.83, p<0.01). A significant metal effect was also 
observed (F = 61.99, p <0.01). The H-NE uptake was significantly 
increased by Pb in the untreated (p<0.01) as well as in the pretreated 
synaptosomes (p< 0.001) but the effect was more pronounced in the 
pretreated ones. Mn caused a reduction in the uptake in both 
untreated (p< 0.001) and pretreated (p<0.01) synaptosomes with more 
marked effect in former. No significant interaction was observed 
when Pb and Mn were put together in the incubation medium of 
82 
either preparation. The net effect in the untreated synaptosomes was 
mainly an additive, i.e., the sum of the individual effect of two metal 
(decrease, p<0.01). Whereas in the pretreated synaptosomes, there was 
no significant effect on the uptake in the simultaneous presence of Pb 
and Mn . 
Mib-brain ^H-DA Uptake 
The data in Table 4 show the effect of Pb"*^ "^ , Mn"^ "^  and Cd"^ ,^ 
3 
individual and in combinations, on H-DA uptake in mid-brain untreated 
and pretreated synaptosomes. Analysis of variance ( 2 x 7 factorial 
design) of the data showed a significant metal effect (F = 97.41, p< 0.001) 
and this effect differed (F = l'f.69, p< 0.001) in two types of synaptosomes. 
Pretreatment alone produced highly significant increase (F = 't06.i9, 
p<0.001) in H-DA uptake. Further linear contrast analysis of the data 
showed that Pb"*"*^  produced a marked increase (p< 0.001) in untreated as 
3 
well as in pretreated synaptosomal H-DA uptake. This increase was 
dominant over the effect of Mn^^ or Cd when added simultaneously 
with Pb ^ in the incubation system. Mn , alone and in presence of Pb 
had no significant effect on H-DA uptake in the untreated synaptosomes 
whereas in pretreated synaptosomes, a significant decrease (p<0.05) was 
noted. In the untreated synaptosomes, Mn in presence of Cd"^ "*" could 
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produce a significant decrease (p< 0.001) while in pretreated synapto-
++ somes no such change was observed. Cd alone and in presence of 
3 
either two metals, did not show any significant effect on H-DA 
uptake in the untreated synaptosomes while a marked decrease 
(p< 0.001) was noted in pretreated preparation. The metal ions combi-
nations, Pb + Mn ; Pb + Cd or Mn + Cd , did have an 
interaction between themselves and produced a significant effects in 
untreated synaptosomes. The interaction between the metals of former 
two combinations was more pronounced (p < 0.001) as compared to the 
later one (p <0.01). In the pretreated synaptosomes, no significant 
interaction was noticed and the effects were the sum of individual 
effects of the metal ions. 
Cortical ^H-DA Uptake 
Table 5 shows the effects of Pb'^ '^ jMn'^ ^ and/or Cd"^ "^  on 
3 
H-DA uptake in cortical untreated and pretreated synaptosomes. 
Analysis of variance ( 2 x 7 factorial design) of the data showed a 
significant metal effect (F = 67A6, p< 0.001) and this effect was 
different (F = 62.71, p< 0.001) in two types of synaptosomes. 
Pretreatment alone resulted in a highly significant increase (F = 221.79, 
p <0.001) H-DA uptake. Further linear contrast analysis of the data 
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revealed that Pb showed effect on neither type of synaptosomal 
H-DA uptake. However, Pb*^ in presence of Mn^^ or Cd^^ produced 
inhibition (p< 0.001) in untreated preparation whereas an activation 
(p<0.001) in pretreated synaptosomes. Mn , alone and in presence 
of Pb or Cd in the assay system, showed its own decreasing effect 
on H-DA uptake in both types of synaptosomal preparation. Cd^^ 
also produced the same effects as that Mn . The combination of 
metal ions except Pb + Mn in untreated synaptosomes, showed 
interaction effect (p< 0.001) in untreated as well as in pretreated 
3 
synaptosomal H-DA uptake. 
DISCUSSION 
Synaptosomes pinched off nerve endings) retain a number of 
functions of presynaptic nerve terminals _m vivo (Schoemaker and 
Nicholson, 1983). These preparations, therefore, provide a suitable 
model to study the functions related to neurotransmission, i.e., release, 
uptake and degradation. Any alteration in the integrity of synaptic 
membrane may lead to significant changes in the metabolism of 
neurotransmitter consequently serious derrangement in the neuro-
transmission of nerve impulse. In the present study, synaptosomes 
were subjected to lipid peroxidation by Fe"^ "^  to produce membrane 
87 
damage. Pretreatment of synaptosomes by Fe closely resemble the 
nonenzymatic pathway of lipid peroxidation in brain (Demopoulous 
et^aK, 1977). Pretreated synaptosomes were employed to study the 
individual and combined effect of metal ions on the uptake of mono-
amines particularly in the presence of altered membrane integrity. 
The study in "pretreated" synaptosomes was compared to that in the 
synaptosomes retained "untreated". 
Data indicated that pretreatment of synaptosomes resulted in 
3 3 
more accumulation of both the amines H-DA and H-NE in 
synaptosomes of brain regions studied,with slight variation, i.e., 
3 3 3 
H-DA and H-NE in striatum while H- DA in cortex and mid-brain. 
This increase in H-DA uptake in pretreated synaptosomes is in accordance 
with the results reported by Pastuszko et^aL (1983). He suggested that 
3 
the increased H-DA uptake may probably badue to the conformational 
changes in the carrier and/or its hydrophobic environment leading to the 
change in permeability of synaptosomal membrane. The effect of 
pretreatment in facilitating the amine accumualtion was in the 
decreasing order : cortex (138%), striatum (68%), mid-brain (29%), 
though the extent of membrane damage or MDA formation was almost 
equal. This variation in pretreated synaptosomal amine uptake may be 
88 
due to heterogeneity in brain tissue including the varying concentration 
of neurotransmitters levels and the receptors in different regions 
(Snyder and Coyle, 1969). 
Heavy metals are known to interfere with the metabolism of 
neurotransmitters and the enzymes responsible for their synthesis and 
degradation (Mustafa and Chandra, 1971; Silbergeld and Goldberg, 1975; 
Hrdina et ah, 1976; Rastogi et aL, 1977; Shih and Hanin, 1978). The 
effect of a number of metals like Cd, Hg, Sn, Zn, Mn and Pb on the 
high affinity uptake, spontaneous release of radiolabelled monoamines 
have been investigated in different brain regions (Komulainen and 
Tuomisto, 1981). In the present study, Mn decreased the uptake of 
3 
H-DA in whole brain untreated synaptosomes and in those untreated 
and pretreated striatal, mid-brain and cortical synaptosomes. However, 
Mn has been shown to autoxidize dopamine (Donaldson et^al., 1981), 
therefore, autoxidation may play a significant role in decreasing the 
uptake of labelled catecholamines in the presence of Mn . Cd , 
initially at lower concentrations, increased the H-DA uptake while 
at higher concentration, 50 \itA onward, inhibition was observed. Cd^^ 
concentration dependent decrease was also noticed in the uptake of 
3 
H-NE. This decrease in NE uptake may be due to the coordination 
complex formation between cadmium and NE. Some divalent cations. 
89 
i.e., Cu"^ "^ , Hg"^ "*^ , Fe"*"^  have been reported to form such complexes 
in vitro (Collburn and Mass, 1965; Rajan et ah, 1972; 197'>). This 
complex formation reduoes the substrate availability for uptake receptors 
and leads to apparant inhibition of uptake of tritiated amines. Pb 
3 
at lower concentration increasedthe uptake of H-DA in untreated 
synaptosomes whereas in pretreated synaptosomes no such facilitation 
in H-DA accumulation was noticed. Komulainen et^ah (1983) showed 
both _iii vivo and _iri vitro, that Pb increased H -DA uptake in striatal 
synaptosomes and suggested that more synaptosomal accumulation of 
dopamine might be the result of direct interference of Pb with 
nerve endings. This direct involvement of Pb might be modulating 
the membrane in a similar way as pretreatment of synaptosomes with 
Fe . It is, therefore, quite obvious that pretreatment (12C^M Fe ) 
might not be leaving any room behind for further action of Pb^^ on the 
synaptosomes. 
The interaction effects of metal ions on amine uptake were 
treatment biased, as revealed by two way variance analysis. The metal 
combinations,i.e., Pb"^ "^  + Mn"^ "^ , Mn"^ "^  + Cd"*""^  and Pb"^ "^  + Cd^ "^  showed 
interaction effect, i.e., more than additive in untreated or normal 
synaptosomes whereas, in pretreated synaptosomes, interaction effect 
90 
was not observed except in cortical synaptosomes. However, in the 
pretreated synaptosomes, the combined effects of metals, variance 
analysis showed, were the sum of individual effects. 
Results in tables show that metals (individually and in 
combinations) had their effects on untreated synaptosomes different 
from that observed in pretreated synaptosomes in respect to percent 
changes possibly pretreatment might be producing several other 
changes, presently not known, except simply membrane damage 
indicated by MDA formation, leading to the modulation in whole 
metabolic processes of synaptosomes where, the normal interactive 
3 
effect (whatever was) of these metal ions on H-DA uptake was 
changed. In whole brain synaptosomes and in regional, i.e., 
striatal, mid-brain, cortical synaptosomes as well, Pb + Mn had 
additive type of effect, however, Pb plays a dominant role over 
Mn and Cd effects when put together in the incubation medium. 
In the whole brain synaptosomes Mn antagonized the effect of Cd^^ 
and further produced almost complete inhibition in the uptake of 
H-DA. Pb^^ and Cd^^ also had antagonistic effect on each other 
with a slight increase in uptake. The interaction between these metal 
ions clearly showed that their mode of action on the uptake processes 
gets changed whenever ih^ are simultaneously present in the biological 
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system. Sometimes they have antagonistic, sometimes synergistic and 
sometimes additive effects (data in tables show). What biolgoical 
factors are involved in this process of interaction and in what particular 
way they interact and modify each others mode of action, further 
experiments may possibly provide some understanding of the mechanism 
of interaction and its biological effects. 
Conclusively, Pb ,Mn and Cd ions individually produced 
changes in the high affinity uptake of catecholamine indicating the 
interference of these metal ions in the metabolism of these neuro-
transmitters and the combinations of these metal ions showed 
interactive action which was dependent on the modification in 
structural integrity of the synaptosomal membrane. 
G E N E R A L D I S C U S S I O N 
B2 
Man is simultaneously exposed to a number of elements present 
in the biosphere. It has been reported that the metabolism and toxicity 
of one metal could be influenced by the presence of other metal 
(Nordberg et al., 1978) indicating the interaction between metals. 
Several studies have been carried out in an attempt to know what effect, 
synergistic or antagonistic, they produce and what possible mechanism of 
metal-metal interaction could be (Perizek, 1978; Chandra et^al^ 1981; 
Finelli et^aL, 1975; Perry 3r. et aL, 1983; Mahaffey et^  aK, 197'f; 
Ganther et^ah, 1973; Webb and Magos, 1976). Voluminous literature is 
available dealing with the fact that lead and manganese produce neuro-
toxic effects by interfering with the neurotransmitter metabolism in 
man and animals (Nathason and Bloom, 1975; Goiter and Michaelson, 
1975; Dubas et ah, 1978; Wince e^aU, 1980; Chandra and Mustafa, 1971; 
Cotzias et ah, 1976; Chandra et aL, 1979; Seth et al., 1981; Lai et al^ ., 
198'f). Sufficient but not much literature is available indicating Cd to be a 
neurotoxic element. Studies have shown that cadmium produced 
behavioural and neurochemical changes in animals (Lucis et^  ah, 1972; 
Kasayu et ah, 197'^ ; Silbergeld and Goldberg, 1975; Singhal and Merali, 
1979). Increased manganese level with the increasing concentration of 
lead in blood of young children and occupationally exposed workers and 
also a relationship between lead and manganese has been suggested 
(Delves et^^. , 1973). Simultaneous exposure of rats to lead and manganese 
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produced more derrangement in the neurotransmitter leading to serious 
brain dysfunction compared in the rats exposed to either metal alone 
(Chandra et^  aK, 1981). Der et^  al. (1976) observed greatly enhanced 
teratogenic effects in animals coexposed to lead and cadmium as 
compared to the effects observed after the administration of either 
of metals. Schroeder and Nason (197'f) reported that cadmium appeared 
to increase hepatic and renal concentration of manganese. 
In the present study, the effect of lead, manganese and 
cadmium interaction was investigated on the catecholamine uptake and 
the Na , K -ATPase activity in synaptosome. Synaptosomes are the 
pinched off nerve endings which contain several functions of presynaptic 
nerve terminals (Schoemaker and Nicholson, 1983) and thus provide a 
suitable model to study, in vitro, the uptake, release, degradation 
processes of neurotransmitters. For the pupose, the synaptosomes were 
also subjected (pretreated) to Fe induced lipid peroxidation with the 
fact that any alteration in the membrane structure or integrity may 
lead to altered conduction and neurotransmission of nerve impulse. 
The data showed that 120 vM Fe"^ "^  sufficiently induced the lipid 
peroxidation in rat brain, i.e., cortex, mid-brain and striatal synaptosomes 
by Fe'^'^/Fe ^ redox system (Kamataki et^  ah, 1977). This process of 
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peroxidation resembles to the nonenzymatic pathway of lipid peroxidation 
in brain (Demopoulos etah, 1977). Metal ions, i.e., Pb , Mn and 
Cd"*^"*^  in combinations did not show any interactive effect on lipid peroxi-
dation in both untreated and pretreated synaptosomes. However, these 
metal ions slightly induced the lipid peroxidation in pretreated synapto-
somes while no effect was observed in untreated synaptosomal prepa-
ration. 
Lipid peroxidation because of pretreatment of synaptosomes led 
to a decreased activity of Na , K -ATPase while to a increased uptake 
of tritiated amines compared to that in untreated synaptosomes. Such 
effects of lipid peroxidation are in consistance with the result reported 
by Sun (1972) on synaptosomal Na , K -ATPase and Pastuszko et al. 
(1983) on synaptosomal dopamine uptake. This inhibition in enzyme 
activity because of pretreatment could be due to loss in hydrophobic 
environment of membrane required to maintain appropriate conformation 
of the enzyme (Wheeler and Whittam, 1970; Hokin and Hexum, 1972) and 
the increased uptake of amine could possibly be the change in permea-
bility of the membrane for amines. 
The inhibitory actions of metals on activity of Na^, K^-ATPase 
have been reported (Hexum, 197^ *; Ting-Bell et^  ah, 1973; Siegel and 
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and Fogt, 1977; Rajanna et^  ah, 1983). Donaldson et^aL (1971) have 
found a good correlation between the ability of divalent metals to 
induce convulsions ^ vivo and their potency as an inhibitor of brain 
microsomal Na ,^K" -^ATPSse in vitro. However, nothing is known about 
the interaction effects of metal ions on ATPase activity. Two way 
variance analysis of the present data showed that combined effects 
of metal ion, i.e., Pb + Mn , Mn + Cd and particularly Pb + 
Cd produced more inhibition in the activity of ATPase as compared 
to the inhibition produced by single metal at the same concentration. 
In other words, the metal-metal interaction effects were synergistic 
in inhibiting in the enzyme activity. Individually, these metal ions 
inhibited the Na , K -ATPase activity in a concentration dependent 
manner. These effects were compared to that in pretreated synapto-
somes. Analysis of data revealed that the effects of these metal ions 
particularly the interaction effects were more pronounced in inhibiting 
the activity of Na , K -ATPase in pretreated synaptosomes, i.e., the 
synaptosomes of filtered membrane structure. 
The meals like Pb , Cd , Zn ^, Sn , Cu^ and Mn^ "^  have 
been shown to affect the synaptosomal high affinity uptake, spontaneous 
release of dopamine, norepinephrine and serotonin (Komulainen and 
Tuomisto, 1983). In the present study, all the three metals, i.e., Pb^^, 
96 
Cd'^ '*' and Mn"*"*^  altered the synaptosomal uptake of H-DA and 
3 
H-NE. The combination of the metal ions, in general, showed 
3 
significant interaction effects on the H-DA uptake in untreated 
synaptosomes. The combined effect of lead and manganese Jri vivo 
has been shown to produce more changes in the metabolism of 
neurotransmitters (Chandra et al., 1981). The mechanism of individual 
metal (Pb* , Mn"*"* and Cd^ ) on the uptake of catecholamine have been 
discussed in Chapter III. In brief, Mn "^  and Cd* may reduce the 
available concentration of amine (substrate) for uptake by autoxidation 
of (Donaldson et al., 1981) and coordination complex formation with 
(CoUburn and Mass, 1965) the amine, respectively. Pb has been 
suggested to have direct action on synaptosomal membrane (Komulainen 
et^al., 1983). However, the mechanism of these metal interaction needs 
further study. Further analysis of data showed that the effect of these 
metal-metal interaction was not pronounced on amine uptake in 
pretreated synaptosomes so much as in untreated synaptosomes. 
In order to test the ionic gradient hypothesis which maintains 
that the activity of Na , K -ATPase may be related to the synapto-
somal uptake of neurotransmitters (Bogdanski, 1976) let the effects 
of metals and synaptosomal pretreatment on Na^ K^-ATPase activity 
be related with the effects on amine uptake. Pretreatment of 
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synaptosomes alone inhibited the ATPase activity while facilitated 
more amine uptake by synaptosomes. Pb alone (10 and 25 pM in 
whole brain and brain regions, respectively) increased the uptake of 
H-DA while an inhibition in ATPase activity was observed. Mn 
was not so much potent inhibitor of ATPase as that on amine uptake. 
The interaction effects of metal ions were more pronounced on ATPase 
in pretreated synaptosomes compared to untreated while in case of 
amine uptake the trend of metal-metal interaction effect was reverse, 
i.e., more interaction effect in untreated synaptosomes compared to 
pretreated. Similar results have been reported by Lai et^al. (1980) 
who showed that the inhibitory effect of Cd ^, Al ^ and Mn^ "*^  on 
synaptosomal choline uptake was not in parallel with the inhibitory 
effect of ATPase activity. These results indicate that the electro-
chemical potential gradient maintained by the Na ,K^-ATPase was 
not the only driving force responsible for the uptake of dopamine, 
norepinephrine and also choline (Lai et^  al^ 1980) by synaptosomes. 
Such results appear to contrast with those of Prakash et^  ah 
(1973) who proposed that the inhibition in synaptosomal ATPase 
activity due to divalent metal ions would lead to the parallel 
inhibition in synaptosomal uptake of neurotransmitters. 
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In conclusion, it may be stated that interaction of Pb ,Mn 
and Cd^^ produced much pronounced interference in the maintenance 
of an inward directed sodium electrochemical gradient across synapto-
somal membranes by inhibiting Na , K''^-ATPase in pretreated 
synaptosomes as compared to untreated preparation indicating that 
interaction of metals and lipid peroxidation have synergistic effect 
in inhibiting the activity of transport ATPase. The synergistic 
inhibitory effect of metal-metal interaction and lipid peroxidation on 
ATPase was not in parallel with the modulatory effects on synapto-
somal amine uptake, however, the changes in transport ATPase 
consequently may produce derrangement in the physiology of nerve 
impulse transmission. 
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